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RESUMO 
 
As limitações de ordem ética à investigação no homem impedem a aplicação dos métodos 
experimentais largamente usados em outros campos da fisiologia ao estudo da dinâmica cerebral 
humana. Os maiores avanços nesta área resultaram do estudo, por métodos não invasivos, das 
alterações associadas a lesões estruturais do cérebro em diversas patologias. Mais recentemente 
tornou-se possivel estudar as alterações neurofisiológicas e vasculares associadas a tarefas 
experimentais. Em qualquer dos casos a possibilidade de mapear no espaço e tempo as lesões ou 
as activações fisiológicas é de fundamental importância. 
As técnicas de mapeamento funcional não invasivo actualmente disponiveis apresentam 
significativas limitações, sendo que o EEG e MEG são as que apresentam melhor resolução temporal 
(milisegundos), enquanto a RMf apresenta a melhor resolução espacial (milimetros).  
Na presente tese caracterizamos o potencial do mapeamento funcional por EEG, bem como as 
vantagens e limitações do registo simultâneo EEG/RMf, num modelo patológico da actividade 
cerebral humana. 
O mapeamento funcional nas epilepsias occipitais idiopáticas ilustra a necessidade da análise 
dinâmica detalhada da propagação da actividade paroxística, as vantagens de uma boa amostragem 
espacial do EEG, bem como o contributo adicional dos registos EEG/RMf. 
Na epilepsia associada aos Hamartomas Hipotalâmicos ilustra-se a excelente complementaridade 
entre a RMf e o EEG para caracterizar a dinâmica espacio-temporal e cortico-subcortical da 
actividade neuronal. 
Nas epilepsias submetidas a cirurgia da epilepsia validou-se  metodologia de resolução do problema 
inverso em EEG num tipo particular de patologia cerebral (Esclerose Tuberosa), e estudou-se a 
concordância entre o EEG e a RMf da actividade epiléptica. 
Conclui-se que a capacidade do EEG para detectar e seguir as rápidas modificações do estado 
funcional das redes neuronais lhe confere um papel da maior relevância entre as metodologias de 
mapeamento funcional. A RMf, efectuada concomitantemente, melhora a localização espacial da 
actividade neuronal e revela o importante contributo de áreas subcorticais.  
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ABSTRACT 
 
Ethical limitations to human research prevent the use of the experimental methods widely used in 
animal physiology to the study of brain function in man. The major advances in the area resulted from 
non-invasive studies of functional changes associated with structural brain lesions in various 
pathologies. Recent technological advances allowed detection of neurophysiological and vascular 
changes associated with experimental behavioral tasks. In either case, the ability to map in space and 
time the lesions and physiological activations is of fundamental importance. 
The available non-invasive functional mapping techniques have nevertheless significant 
methodological limitations. Among these techniques the EEG and MEG have the best temporal 
resolution (milliseconds), while fMRI has the best spatial resolution (millimeters).  
In the present thesis we study, in a pathological model of human brain function, the characteristics of 
functional brain mapping through EEG, as well as the advantages and limitations of the simultaneous 
EEG/fMRI recording. 
The functional mapping in idiopathic occipital lobe epilepsies illustrates the necessity of a detailed 
dynamical analysis of propagation of paroxysmal activity, the advantages of a good EEG spatial 
sampling, as well as the additional contribution of EEG/fMRI recording.  
In the epilepsies associated with hypothalamic hamartomas the synergy between fMRI and EEG to 
characterize the spatial-temporal and cortical-subcortical brain dynamics is demonstrated. 
In epilepsy cases submitted to epilepsy surgery, a method to solve the inverse problem in EEG was 
validated in patients with Tuberous Sclerosis, and the degree of concordance between EEG and fMRI 
studied. 
We conclude that the EEG ability to detect and follow the fast functional changes in state of brain 
networks gives it a role of the highest importance among functional brain mapping methods. The 
fMRI, recorded simultaneously, improves the spatial localization of the neuronal activity and highlights 
the contribution of subcortical areas. 
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RESUMO ALARGADO 
 
As limitações de ordem ética à investigação no homem impedem a aplicação dos métodos 
experimentais largamente usados em outros campos da fisiologia ao estudo da dinâmica cerebral 
humana. Os maiores avanços nesta área resultaram do estudo, por métodos não invasivos, das 
alterações funcionais associadas a lesões estruturais do cérebro em diversas patologias. Mais 
recentemente tornou-se possivel estudar as alterações neurofisiológicas e vasculares associadas a 
tarefas experimentais. Em qualquer dos casos a possibilidade de representar no espaço e tempo as 
lesões ou as activações fisiológicas é de fundamental importância, sendo o foco de interesse do 
mapeamento funcional cerebral. 
As técnicas de mapeamento funcional não invasivo actualmente disponiveis apresentam 
significativas limitações, sendo que o Electroencefalograma (EEG) e a Magnetoencefalografia (MEG) 
são as que apresentam melhor resolução temporal (milisegundos), enquanto a Ressonância 
Magnética funcional (RMf) apresenta a melhor resolução espacial (milimetros). Avanços técnicos na 
última década possibilitaram a realização de registos simultâneos das duas modalidades funcionais e 
geraram a expectativa de que estes possam contribuir para ultrapassar as limitações individuais de 
cada uma isoladamente. No entanto o modo mais adequado para efectuar a integração dos dois 
tipos de informação não foi ainda estabelecido, existindo a necessidade de um esforço de validação 
experimental dos resultados antes de os mesmos serem usados para uma efectiva exploração da 
fisiologia cerebral. 
Na presente tese caracterizamos o potencial e as limitações da metodologia de mapeamento 
funcional por EEG, procurando dar mais robustez aos modelos obtidos. O potencial contributo da 
técnica de registo simultâneo EEG/RMf é também investigado.  
Seleccionamos a epilepsia como um modelo experimental que, do ponto de vista do mapeamento 
funcional, tem requisitos de resolução espacio-temporal semelhantes ao da actividade das redes 
neuronais normais. Este modelo apresenta a vantagem metodológica de uma boa amplitude e 
especificidade da actividade EEG em relação aos ritmos fisiológicos. 
O trabalho experimental consistiu no mapeamento funcional cerebral em três grupos de doentes com 
epilepsias focais, seleccionados de molde a documentar aspectos importantes da metodologia 
neurofisiológica de mapeamento funcional cerebral humano: 
 
1. As epilepsias occipitais idiopáticas da infância constituem um conjunto de patologias com 
manifestações clinicas ictais diversificadas, que serviram de base à sua organização em três 
sindromes epilépticos bem distintos: o sindrome de Epilepsia Occipital Idiopática Precoce da 
Infância (Sindrome de Panayiotopoulos); o sindrome de Epilepsia Occipital Benigna Tardia 
da Infância (Sindrome de Gastaut); o sindrome de Epilepsia Occipital Reflexa da Infância 
(Sindrome de Guerrini). Todos estão associados a EEG com actividade paroxística de média 
a grande amplitude sobre as regiões posteriores do escalpe. Apesar de a heterogenidade 
das manifestações clinicas durante as crises sugerir o envolvimento de áreas distintas dos 
lobos occipitais, as limitações das técnicas de mapeamento funcional por EEG impediram a 
determinação da localização destas áreas. Tendo em vista clarificar estas limitações 
metodológicas bem como estabelecer uma estratégia de mapeamento eficaz nestas 
situações, realizaram-se registos EEG e EEG/RMf em doentes com os diversos sindromes, 
procurando melhorar a resolução temporal e espacial. 
O primeiro estudo efectuado combinando métodos dipolares em EEG e registos do efeito 
BOLD associado às pontas, revelou discrepâncias significativas na localização dos 
geradores, sendo que as áreas de activação BOLD foram consistentes em dois doentes com 
o sindrome de Gastaut e distintas do padrão de activação num doente com sindrome de 
Guerrini. O EEG não mostrou uma clara distinção entre os dois sindromes. 
Em dois estudos subsequentes foram estudados em maior detalhe a dinâmica espacial e 
temporal da actividade paroxística associada ao sindrome de Panayiotopoulos. Demonstrou-
se a existência de significativa propagação dos paroxísmos interictais a áreas distantes do 
cérebro, a partir da região occipito-temporal. Foi proposta ser esta propagação e a deficiente 
técnica usualmente utilizada nos registos clinicos o responsável pela convicção largamente 
disseminada de não existir um gerador consistente da actividade epiléptica neste sindrome, 
apesar de as manifestações clinicas relativamente monótonas assim o sugerirem. 
Num estudo detalhado empregando EEG de alta resolução e EEG/RMf documentou-se de 
forma detalhada a dinâmica da actividade interictal em um doente com o sindrome de 
Panayiotopoulos, confirmando-se a provável origem da actividade paroxística na região 
occipito-temporal de um hemisfério.  
 
2. A epilepsia associada aos Hamartomas Hipotalâmicos apresenta um gerador com 
localização bem conhecida numa área cerebral profunda. Os registos EEG da actividade 
subcortical apresentam significativas limitações, ilustradas não só na reduzida sensibilidade 
como na diminuta reproductibilidade da localização dos geradores fornecida pelos métodos 
de resolução do problema inverso. Em dois estudos analisamos em detalhe as 
caracteristicas dos registos ictais em doentes com epilepsia associada a hamartomas 
hipotalâmicos, usando EEGs analisados com métodos recentes de decomposição em 
componentes independentes e registos simultâneos EEG/RMf. 
A análise detalhada dos registos EEG apesar de ter permitido distinguir a existência de 
geradores corticais associados a geradores subcorticais, não conseguiu localizar de forma 
consistente a origem destes últimos. 
A técnica de registo simultâneo do EEG/RMf forneceu informação adicional importante para 
estabelecer a dinâmica espacio-temporal da actividade epiléptica, detalhando de forma muito 
precisa a origem e padrões de propagação da actividade ictal, sugerindo ser esta uma 
metodologia da maior importância para melhorar o mapeamento funcional de  áreas 
cerebrais profundas. 
 
3. As limitações das técnicas actuais de resolução do problema inverso em EEG estão 
criticamente dependentes da validade das restrições às caracteristicas dos geradores que é 
necessário impôr para obter uma solução matematicamente única. O tipo de restrições mais 
adequado a cada problema concreto terá em geral que ser validado experimentalmente. Num 
estudo em doentes com o sindrome de epilepsia associada a Esclerose Tuberosa, em 
avaliação para Cirurgia da Epilepsia, foi validada metodologia de resolução do problema 
inverso da actividade ictal. Demonstrou-se boa concordância entre a localização sugerida 
pelo modelo e a área cerebral removida em 3 casos que ficaram livres de crises no pós-
operatório. 
Na ausência de validação prévia das restrições a aplicar aos geradores intracranianos, a 
utilização de métodos de filtragem espacial do tipo laplaciano, em registos EEG de alta 
resolução, poderá ser uma metodologia alternativa para obter informação adicional sobre os 
mesmos. A conjugação desta informação com a activação BOLD poderá ser uma fonte de 
informação adicional a incorporar no modelo final dos geradores. Num estudo em 12 doentes 
com epilepsias focais refractárias em avaliação para cirurgia da epilepsia, foram efectuados 
registos EEG de alta resolução e EEG/RMf. O co-registo dos dois tipos de informação 
mostrou vantagens em relação a cada método isoladamente, contribuindo a sua 
convergência para uma maior robustez das soluções obtidas. 
 
Globalmente o trabalho efectuado confirmou o potencial do mapeamento funcional por EEG na 
análise dinâmica da actividade cerebral, sendo de particular relevância a excelente resolução 
temporal do método. A melhoria da amostragem espacial bem como a introdução de métodos mais 
sofisticados de processamento do sinal melhoram significativamente a informação fornecida. A 
técnica de registo simultâneo do EEG/RMf fornece informação sobre a resposta vascular associada à 
resposta neurofisiológica, que promete complementar de forma importante os mapas de EEG. Os 
métodos de análise desta modalidade estão no entanto ainda em desenvolvimento, existindo 
potencial para uma maior contribuição da técnica num futuro próximo. 
Apesar de a técnica do EEG ter mais de 80 anos de idade, continua ainda a fornecer informação da 
maior relevância, que peomete ser melhorada com as melhorias na amostragem espacial, e a fácil 
integração com outras moddalidades de estudo funcional do cérebro, tais como a 
magnetoencefalografia, RMf, SPECT, PET, TMS, etc. 
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1. INTRODUCTION 
 
1.1. Functional mapping of human brain dynamics  
The organization of human behavior is dependent on the capability of the central nervous 
system to receive and process sensory information from the environment and generate 
adaptative responses. The brain is capable of carrying out dynamical changes in a time scale 
ranging from a few milliseconds to several seconds and involving spatial synchronization of 
areas separated by a few microns to several centimeters (Freeman, 1978; Freeman and Baird, 
1987; Gray and Singer, 1989; Gevins et al, 1994b). The analysis of such organization is difficult 
not only due to the complexity of the problem but also by the ethical restrictions to experiments 
in humans, which do not allow the use of the methodological paradigms widely used in the 
study of animal physiology and in other areas of biology in general. 
Some of the major conceptual advances in our understanding of the functional organization of 
the human brain function resulted from the study of individual patients suffering from lesions, 
such as stroke or trauma, or in cases were invasive studies were justified by necessary medical 
procedures, as for example in surgery for epilepsy.  Such was the case of patient HM in whom 
removal of both hippocampi to alleviate his epilepsy resulted in an enduring inability to form new 
memories from daily experience (Scoville and Milner, 1957), highlighting the fundamental role of 
the hippocampus in memory consolidation; or of patient Phileas Cage, which suffered a 
traumatic lesion of both prefrontal lobes, highlighting the importance of these structures in the 
organization of normal human behavior (Harlow, 1868). In such methology the careful 
characterization of particular functional brain deficits goes hand in hand with the careful 
detection of the brain lesions originating them. The technological advances of the last decades 
resulted not only in a significant increase in our capability to detect the brain lesions of individual 
patients but also in the ability to detect the physiological brain correlates of particular behavioral 
tasks, resulting in the ever expanding field of functional brain mapping.  
Historicaly the neurophysiological techniques have played a major role in exploring the behavior 
of brain networks because they allow a direct measure of the neuronal activity underlying 
information transfer in the higher vertebrate brains. At the macroscopic scale, the EEG and 
MEG allowed the analysis with high temporal resolution of the activity of diverse networks 
interacting in complex patterns and establishing transitory functional connections between areas 
widely apart in a given hemisphere (Gray and Singer, 1989; Singer, 1993; Gevins et al, 1994). 
These techniques suffer from major problems from the point of view of functional mapping: 
1. Reduced spatial resolution on the scalp surface. 
2. Inability to localize intracranial generators from scalp surface recordings alone, due to 
the ill posed character of the inverse problem in EEG/MEG.  
3. Reduced sensitivity for subcortical generators. 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
3 
 
4. Significant volume conductor mixing of potentials from different brain areas on the scalp 
electrodes. 
5. Variable sensitivity to cortical sources localized in the gyrus or sulcus. 
6. Dependence on synchronization of a large, and difficult to characterize, cortical area to 
obtain signal on the scalp. 
7. Fast spread of activity between distant brain areas can lead to erroneous localization 
results. 
 
Nevertheless, in view of the non-invasive character of these methods and the limitations 
imposed to experiments in humans, the EEG/MEG techniques will continue to play a major role 
in the study of human brain physiology and behavior. It is therefore an important goal in 
neuroscience to improve the previous methodological problems, in order to make the EEG/MEG 
a more robust functional brain mapping procedure. 
In recent years the combination of different brain mapping methods has been used as a 
productive strategy to overcome some of their individual intrinsic weaknesses (reviewed in 
Shibasaki, 2008). One such combination that is particularly promising is between EEG and 
fMRI, which associates the good temporal resolution of EEG to the good spatial resolution of 
fMRI in a completely non-invasive methodology. Despite significant work in the field, several 
problems in the integration of the two types of recordings still remain (Makeig et al, 2002; Nunez 
and Silberstien, 2000) and a robust experimental determination of the power of such integration 
in human subjects is yet to be achieved. 
In this thesis we use functional brain mapping methods based on EEG and simultaneous EEG-
fMRI recordings in a pathological model of human brain activity, to address some of the 
previously mentioned methodological problems of the macroscopic neurophysiological mapping 
of brain activity and also contribute to its experimental test. 
 
1.2. General overview of the physiology of brain networks 
 
1.2.1. The neuronal structure of the brain 
The neuron constitutes the basic cellular element of the nervous system and the one 
responsible for its information processing capabilities. Neurons have the unique capability 
among the central nervous system cells of generating action potentials (Adrian, 1936) which 
propagate through the axon to excite or inhibit other neurons in a highly selective way. The 
effect on other neurons is obtained through synaptic junctions. The electrical presynaptic 
potential leads to the release of a chemical neurotransmitter that diffuses in the synaptic cleft 
and act on post-synaptic receptors. These induce membrane conductivity changes that result in 
changes in the post-synaptic membrane potential. In most neurons the afferent synapses are 
localized in the dendritic branches while efferent ones are localized in axonal branches (Cajal, 
1911). A significant integration of information takes place in the dendritic tree of each neuron, 
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which results in electrotonic potentials that sum up (Rall, 1962) and can lead to the generation 
of an action potential when the membrane depolarization at the hilo of the axon reaches a given 
threshold (reviewed in Speckmann and Elger, 2005). 
The action potentials are similar in different neurons, but the temporal organization of neuronal 
discharges can have distinct characteristics in diverse brain areas and physiological states. This 
is dependent on a large number of factors ranging from afferent synaptic distribution in the 
dendritic tree, synaptic neurotransmitter effects, electrotonic effects in the dendritic tree and 
membrane ionic channels.  
In each brain area neurons are distributed in space in a structured way, and receive afferents 
from specific parts of the brain, projecting to a limited number of structures sometimes in distant 
parts of the same or the other hemisphere (Felleman and Van Essen, 1991). Some 
interneurons project only locally, often inducing inhibition or excitation of neuronal firing. The 
most numerous types of neurons project to distant regions and are associated mostly with 
postsynaptic excitation. Complex feedforward and feedback circuits are established which make 
the detailed mapping of the connections very difficult, but basic canonical circuits have been 
proposed for the vertebrate cortex (reviewed in Douglas and Martin, 2007). 
A number of levels of complexity arise in this type of structure: the molecular level, mainly 
defining the membrane excitation properties; the synaptic and dendritic levels, with fundamental 
roles in inter-neuronal information transmission and integration; the neuronal level, mainly 
defining the spiking code and selective post-synaptic propagation; the local circuit level, defining 
the neighborhood interconnections of different neuronal elements; the network level defining the 
regional functional relationships between local circuits; and the macroscopic brain integrating 
the previous elements in a functional system capable of a complex and adaptative behavior to 
the particular ecological environment of the individual (reviewed in Shepherd, 2004). At each 
level one has to deal with complexity in different ways, using specific experimental tools and 
extracting information on brain physiology that sheds some light on its overall function (Scott, 
1995). In the long run this will lead to a true systemic view of the central nervous system 
functioning. It is nevertheless very difficult to extrapolate the operation of the brain at a given 
level by studying only the lower levels, as new emergent properties result from the complex 
interactions established at each new step of the scale. 
 
1.2.2. Functional organization of the cortex 
The brain displays differences in histological organization of the grey matter that can be used to 
partition the cortex in different cytoarchitectonic areas (Cajal, 1911). The observations with the 
optical microscope revealed an organization in layers with different staining properties and 
where neurons with diverse morphology are localized in different levels. In these layers there is 
a complex spatial segregation of synaptic fields in the dendritic tree of the diverse neuronal 
elements, and a highly organized wiring takes place between different neuronal elements both 
in the plane and perpendicular to the cortex surface (reviewed in Douglas et al, 2004).   
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The main brain neuronal elements with long distance projections are the pyramidal cells (Sloper 
et al, 1979), which are organized in layers parallel to the cortex surface, with the dendritic tree 
near the surface and the axons projecting to deeper layers. The pyramidal neurons of the 
superficial layers project mainly to layer 4 of the target cortex, whereas deeper pyramidal 
neurons project to deep or superficial cortical areas (reviewed in Felleman and Van Essen, 
1991). These types of projections have been correlated with feedforward and feedback circuits 
in the simple canonical representations of cortical circuits (Shepherd, 2004). 
This spatial organization and the fact that these cells show an electrical polarity when the 
dendritic field is stimulated (reviewed in Speckmann and Elger, 2005), leads to an electric open 
field configuration (Lorent de No, 1947) which can be detected at the surface of the scalp and 
forms the physiological basis of the EEG. 
The first theory of the functional organization of the cortex was only established in the 1950s in 
the seminal works of Mountcastle (1957) in the somatosensory cortex and Hubel and Wiesel 
(1962) in the visual cortex. Those investigators demonstrated that the cortex is structured in 
columns, with surface diameter of 0.5 mm, in which the neurons code in a similar way sensory 
stimulus characteristics. This spatial scale sets a natural target in spatial resolution for the 
functional brain mapping techniques attempting to reveal the functional organization of the 
cortex in higher mammals. 
 
1.2.3. Long distance cortical-cortical and cortical-subcortical connections 
The axons of pyramidal cells can reach extraordinary distances (meters for the motor pyramidal 
neurons) compared with the cell diameter, and a large number of these connecting fibers cross 
the brain white matter in different directions, establishing a complex web of functional interacting 
pathways between cortical columns. It is well established that the major synaptic input to any 
cortical area comes from other cortical areas, with the subcortical projections representing less 
than 1% (Braitenberg and Schultz, 1991). Because in general the projection pathways function 
in both directions, extensive feedback is present between the interacting cortical areas, adding 
to the complexity of the crosstalk. 
A further element of complexity results from the important interactions between cortical and 
subcortical structures, which play a fundamental role in the regulation of cortical neuronal 
activity (reviewed in Steriade, 2005). 
This web of interactions requires that in order to understand the workings of a given cortical 
area, one has to preserve the long distance connectivity that ultimately is bound to have a 
significant effect on the local physiology (reviewed in Douglas and Martin, 2007). It also 
highlights the fact that one has to be very careful on extrapolating to the living subject results 
derived from in vitro experiments, where the long-distance connectivity is reduced. 
 
1.2.4. The temporal scale of synaptic events 
Several different types of synaptic connections exist in the brain, corresponding to diverse ionic 
conductances, kinetics of activation and neurotransmitter specificity (reviewed in McCormick, 
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2004). The most common are the ones dependent on glutamate which is the main excitatory 
neurotransmitter released by pyramidal cells. GABA is also a widespread neurotransmitter, but 
associated with inhibition, released predominantly by interneurons. 
The changes in postsynaptic membrane conductance that underlie the information transfer have 
diverse kinetics depending on the specific type of receptor that is activated. In the case of 
Glutamate two types of responses can be obtained: the AMPA type receptors induce rapid 
changes in conductance to Na+, reaching a peak in less than 2 ms and decaying exponentially 
with a time constant around 7.2 ms (McCormick, 2004); the NMDA type is about 10 times 
slower, in fact inducing its effect when the previous AMPA conductance mediated by the same 
neurotransmitter has almost subsided. Inhibitory synapses, mainly mediated through GABA, 
also demonstrate fast (GABAA receptor mediated) and slow (GABAB receptor mediated) 
postsynaptic potentials.  
Thus techniques for the evaluation of the physiology of brain networks should have a temporal 
resolution in the millisecond range in order to capture both the slow and fast synaptic effects 
that play a major role in information processing. 
 
1.2.5. Organization in neuronal networks 
In general our present knowledge of brain physiology does not allow the use of anatomical 
mapping of the cortical structures to predict their functional role (reviewed in Douglas and 
Martin, 2007). We also do not have good methods to determine the origin of synaptic 
connections in a given neuron, which makes it an overwhelming task to determine the detailed 
circuitry of neocortical areas. 
The extensive connectivity of neurons in the brain leads to widespread crosstalk among 
adjacent and distant groups of neurons each time a cortical region is activated. Quantitative 
estimates of the synaptic connectivity between layers in the visual cortex of the cat (Binzegger 
et al, 2004) revealed that a given neuron receives most of its inputs from neurons in the same 
cortical area, while synaptic afferents from the thalamus and other unknown sources represent 
less than 10% each.  
A given neuron can be part of more than one network and in general the study of the activity of 
single cells offers a limited knowledge on the physiology of the ensemble (Gurney, 1997). 
These networks have emergent properties that require experimental tools and analysis 
procedures quite different from the ones used in the study of single neurons (Lopes da Silva, 
2005a).  
The macroscopic methods used for the experimental study of these functional networks should 
have the spatial resolution to discriminate the brain basic functional unity, the cortical column 
(0.5 mm surface diameter), as well as enough temporal resolution (in the millisecond range) to 
detect the synaptic events thought to underlie the mutual interactions.    
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1.2.6. Functional brain mapping in the study of brain dynamics 
Ultimately the understanding of the emergent properties of the brain networks involved in 
information processing related to behavioral organization will require its study in the intact brain. 
Only in this way can the long distance neuronal interactions be preserved, not only among 
cortical areas but also among cortical-subcortical structures. If the focus of interest is the human 
brain, then non-invasive methods become the only ones readily available for such a task.  
Because the brain seems to be organized in networks with distinct spatial distribution in the 
cortex, sometimes in distant areas, the methods used for mapping should have both a good 
spatial resolution and coverage of a large area of the cortex (preferably the entire brain). 
A further requirement for the detailed study of the dynamics of brain networks is that the 
evaluation should be done with the brain in a physiological state as close to the one of daily life 
as possible. This increases the chances of pining down the physiological mechanisms 
associated with the brain activity in naturalistic non-experimental conditions. 
 
1.3. Historical overview of functional brain mapping methods 
1.3.1. EEG 
The EEG has been recorded from the scalp for the first time by Berger in 1929, and it is the 
oldest of the functional brain tests. The existence of several rhythmic activities which overlap 
and change throughout time became evident from the early recordings. These rhythms have a 
consistent relationship with the behavioral state of the patient in wakefulness, and they allowed 
an unprecedented insight into the sleep stage where several clearly differentiated functional 
states were demonstrated. 
During the first decades of development of the technique the hardware devices were limited in 
number of channels, with the consequent bad spatial sampling. Instead, an emphasis was put 
on the monitoring capabilities and on the extremely good temporal resolution of the method, 
which allowed detection of fast transients and distinction of the detailed temporal dynamics of 
different brain areas, both in normal and pathological states. 
The introduction of computers in the EEG field operated in the 70-80s, led to an increased 
interest in functional brain mapping, and resulted in the creation of EEG topography methods. 
These techniques produced digital color representations of the scalp potential at a given instant, 
with the capability to produce movies of the EEG dynamics over the head. Despite its exciting 
promises, the EEG topography met little success because the spatial representation produced 
was based on a very limited spatial sampling of the scalp EEG (typically from 19 electrodes), 
which reduced drastically the obtainable resolution and introduced several artifacts due to 
undersampling. 
A more detailed representation of the spatial properties of the EEG had to wait the development 
of more advanced multichannel devices and better methods of processing the signal to correct 
for a few blurring effects induced by the skull in the brain potentials (detailed in section 1.4.2). 
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Several studies led to the acceptance of the concept that most of the EEG signal recorded in 
the scalp is due to the activity generated in the convexity of the cortical gyri, and that the 
sensitivity to deeper sources decreases significantly. A further requirement for detection on the 
scalp was that the potentials had an extended area of synchronization on the cortex, which has 
been proposed by Cooper (1965) to be in the order of 6 cm2. 
More detailed neurophysiological recordings of local field potentials and macroscopic EEG 
brought evidence that the latter signal correlates best with the slow synaptic potential activity 
instead of the fast action potentials due to neuronal firing (reviewed in Steriade, 2005). This 
data and the one obtained from cortical current density estimates using depth electrodes (Lopes 
da Silva and Storm van Leeuwen, 1978) led to the current concept that most of the scalp EEG 
originates in synaptic potentials in the pyramidal cortical cells. 
A parallel field of development has been the source analysis, which attempts to recover the 
intracranial generators leading to the scalp potentials (reviewed in Baillet et al, 2001 and 
Plummer et al, 2008). Although this line of work has reached a high level of mathematical 
development, with multiple proposed models, it did not have a major impact on EEG brain 
mapping because major uncertainties affect all models. The inverse problem in EEG is an ill 
posed one (Helmholtz, 1853) and therefore unique solution are possible only on purely 
mathematical grounds. The required incorporation of constrains on the characteristics of the 
generators to reach a unique solution, introduces a degree of ambiguity in all models (detailed 
in section 1.3.d).  
The recent introduction of EEG amplifiers with a large number of channels (up to 256), promises 
to increase even further the EEG spatial sampling. This, together with better knowledge of the 
conductivity of the head compartments (Gonçalves et al, 2003) and more detailed anatomical 
MRI, will increase the mapping capabilities of the EEG. 
 
1.3.2. SPECT and PET 
The first observations that neuronal activity is associated with a transitory increase in local 
blood supply goes back to the XIXth century (Roy and Sherrington, 1890; Horsley, 1892). Later 
reports confirmed the existence of a consistent vascular response associated with epileptic 
neuronal discharges (Penfield et al, 1939; Hougaard et al, 1976; Dymond and Crandall, 1976). 
The ability to measure non-invasively functional changes in blood flow began with the 
availability of techniques based on the tomographic reconstruction of radionuclide tracers 
distribution in the brain: SPECT first (Kuhl et al, 1973) and a few years later PET (Phelps et al, 
1975). 
SPECT is based on the detection and localization of Gamma radiation emitted by a 
radiopharmaceutical that has been administered to the experimental subject. The products 
more commonly used are 133Xe and the derivatives of 123I or 99Tc. 133Xe was the first agent and 
it is the only one allowing quantitative evaluation of blood flow. Several problems are associated 
with its use: fast kinetics, requiring fast Gamma cameras, low spatial resolution (12 to 16 mm) 
and lack of specificity to the brain compartment. These problems led to the use of 123I and 99Tc 
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derivatives, which are radiopharmaceuticals with a rapid first-pass brain extraction (peak 
extraction reached 30-60 seconds after intravenous injection). The latter agents do not allow 
absolute quantification, and their use can only provide a snapshot of the brain regional blood 
flow. Although significant advances in SPECT spatial resolution (7 to 10 mm) and data 
processing have taken place for static tracers (reviewed in Devous, 2002), only qualitative and 
“single shot” measures can be obtained at the present time. For 133Xe the temporal resolution of 
the method is better (studies can be repeated each 15 minutes) and quantitative evaluations are 
possible, but the spatial resolution is worse (in the centimeter range). 
PET uses radiotracers with positron emission which are detected by the decay in two Gamma 
photons which travel in opposite directions. Because determination of the tracer localization 
uses information derived from the coincident detection of opposite photons and does not require 
collimators, an increased sensitivity as compared with SPECT is obtained. Reconstruction of 
the place of origin of the photons with good spatial discrimination results in an overall spatial 
resolution in the millimeter range for modern devices (reviewed in Cherry and Phelps, 2002). 
The first PET studies in brain mapping used 18F-FDG to evaluate the cerebral metabolic rate in 
volunteers submitted to specific sensory stimuli (Greenberg et al, 1981; Phelps et al, 1981; 
Mazziotta et al, 1982). Robust activation of the primary sensory areas was achieved and the 
power of the method for functional brain mapping was demonstrated.  
Better temporal resolution can be obtained by recording blood flow changes associated with 
neuronal activation, using isotopes with a short half-life (reviewed in Cherry and Phelps, 2002). 
The 15O isotope has a half-life of 2 minutes and a fast diffusion when incorporated into the water 
molecule, resulting in the capability to evaluate extraction from plasma into tissue on its first 
pass by the brain, allowing a quantitative evaluation of regional cerebral blood flow. Studies can 
be repeated with 10 minute intervals. Because the signal to noise ratio is low, several scans are 
obtained per subject, followed by smoothing and averaging (both within and between subjects) 
in order to improve this ratio. Those procedures decrease the optimal spatial resolution, and 
require group analysis to obtain good statistics for the effects of interest. 
Overall PET improves blood flow evaluation both in the spatial (millimeters range) and temporal 
domains (repeated evaluations at 10 minutes intervals), over SPECT. Because there are safety 
issues limiting the radiation exposure of experimental subjects, the number of scans that is 
possible to obtain is reduced, making inferences in individual subjects a difficult exercise.  
 
1.3.3. MEG 
The first magnetic field recording of brain activity was done by Cohen (1968), using an induction 
coil magnetometer. A major improvement in sensitivity occurred with the introduction of sensors 
based on the superconducting quantum interference device (SQUID) magnetometers (Cohen, 
1972), which allowed continuous recording of neuronal magnetic activity.  
MEG has several theoretical advantages over EEG for brain mapping applications (Hämäläinen, 
1993): 
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• The record is reference-free, avoiding the effects of active reference electrodes that are 
important in EEG. 
• The magnetic fields are not affected by the skull layer which is the major responsible for 
blurring of scalp EEG. 
• The transparency of the head compartments to magnetic fields is expected to increase 
spatial resolution of cortical sources. 
• The source analysis with MEG is more robust than for EEG, because less complicated 
volume conductor models are required. 
Those theoretical advantages over EEG together with the rapid evolution of the hardware have 
made MEG an important functional brain imaging tool (reviewed in Hari, 2005). 
It is widely accepted that there is a significant redundancy in EEG and MEG recordings, yet 
each technique is able to demonstrate unique activity not present in the other method 
(Fernandes et al, 2005), which explains the widely established fact that the simultaneous 
acquisition of both modalities results in an improved sensitivity to cortical generators (Stock, 
1987).  
But despite the fact that the inverse problem in MEG requires a simplified volume conductor 
model and a larger number of channels are available as compared to EEG, the fundamental 
requirement for constrains on the source properties remains. 
 
1.3.4. fMRI 
The nuclear magnetic resonance in bulk matter was discovered in the 1940s (Bloch et al, 1946, 
Purcell et al, 1946). The first imaging applications were done in the 1970s (Lauterbur, 1973) and 
in 1977 the first human MRI scanner was created by the FONAR Corporation. The first 
commercial human-body scanners started shipping to hospitals in the early 1980s. 
The resonance effect is obtained by applying an electromagnetic pulse at the Larmour 
frequency of precession of the bulk magnetization spin of the brain. In the commonly used 
magnetic fields the Larmour frequency is in the radio part of the electromagnetic spectrum. After 
the brief stimulation, the bulk magnetization spin relaxes back exponentially to the resting state, 
emitting back electromagnetic radiation that is collected using the same coil used for 
stimulation. Because the relaxing kinetics of the spins is sensitive to the particular environment 
surrounding the hydrogen proton, a contrast is established between different compartments of 
the tissue. By applying a combination of variable magnetic gradients and changing the 
frequency, timing of the applied pulses (time of repetition, TR) and received echo, selective 
scanning of the brain volume is possible. 
A wide variety of combinations of stimulating pulse sequences and contrast mechanisms have 
been developed, allowing exploration of several properties of the human body and an enhanced 
imaging of the brain tissues.     
One type of image acquisition protocol that has particular importance to physiological studies is 
the Echo Planar Imaging (EPI) discovered by Mansfield in 1976. In this type of sequence a very 
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fast scanning is done, with a complete slice acquired for each stimulation pulse. This allows 
acquisition of a whole brain volume for each TR (2 to 3 seconds), which sets the temporal 
sampling rate much higher than it is possible for the other scanning imaging  methods (PET and 
SPECT). 
The functional study of the brain requires a contrast that can act as a marker of the functional 
state of brain networks. Because the changes in local blood flow were a well recognized target 
for monitoring functional changes (Roy and Sherrington, 1890), techniques were developed to 
detect changes in blood flow with brain activation. The use of paramagnetic contrast agents 
such as Gadolinium is a way to evaluate the changes in blood volume induced by local neuronal 
activation (Belliveau et al, 1991), but the need for repeated intravenous administrations severely 
reduces the usefulness of the method. A much more useful contrast is the hemoglobin molecule 
which in its desoxy state has been demonstrated to be paramagnetic (Pauling and Coryell, 
1936), and produce detectable T2* contrast (Thulborn et al, 1982). These observations led to 
the discovery of the Blood Oxygenation Level Dependent (BOLD) effect (Ogawa et al, 1990) 
using hemoglobin as an endogenous contrast agent (detailed later). The later development 
resulted in the explosion of studies using brain fMRI. 
 
1.3.5. NIRS 
Jobsis (1977) was the first researcher to demonstrate that infrared light can penetrate the skull 
and be used to noninvasively monitor the oxygenation state of brain tissue. The application to 
monitoring of human brain activity was done years later (Chance et al, 1988; Hoshi and 
Tamura, 1993; Vilringer et al, 1993). 
The opportunity to study the brain function derives from the fact that the main chromophores in 
the infrared window of 600-900 nm are the oxyhemoglobin and deoxyhemoglobin and also the 
cytochrome-c-oxidase, while the skull and scalp are transparent. Because these chromophores 
have distinct absorvance spectra, it is possible to measure concentration changes by optical 
measurements of the reflected infrared light from the brain at diverse wavelengths. The light 
sources are infrared lasers applied in the scalp at a distance of a few centimeters from the 
detector. From these measurements a continuous quantitative determination of the 
concentrations of oxyhemoglobin and deoxyhemoglobin, as well as the total hemoglobin is 
obtained (Jasdzewski et al, 2003). 
Several advantages are attributed to NIRS as compared with other methods of brain mapping: 
1. Direct information about oxygenation is available to NIRS and to no other method. 
2. Absolute quantification of the concentration changes is possible with NIRS but not with 
fMRI. 
3. The temporal resolution in the milliseconds range is better than the one of fMRI and 
PET (Jasdzewski et al, 2003).  
4. The NIRS equipment is less restraining than the one of fMRI or PET, allowing more 
freedom for experimental setups. 
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The method has been used extensively to study the neurovascular coupling, a central issue in 
modern brain mapping (reviewed in Villringer and Obrig 2002). 
The main limitation of the methodology is the poor spatial resolution which is in the order of 
centimeters. A further handicap is the inability to detect changes occurring bellow the more 
superficial layers of cortex. 
 
1.4. Brain mapping with EEG 
1.4.1. Temporal and spatial resolution 
Temporal resolution: 
At the present time the EEG and MEG are the only non-invasive brain mapping methods with 
enough temporal resolution to discriminate the fast sequence of stages involved in brain 
information processing.  
From the early days of the human EEG recording (Berger, 1929) it became apparent that the 
electrical brain activity could be recovered in the scalp with high temporal resolution, limited only 
by the response time of the analogue pen recorders first, and later by the sampling rate of the 
digital devices. The temporal changes in the diverse brain waves can be reproduced well in 
each scalp electrode, even for the fastest components. Such millisecond resolution places the 
EEG in the temporal scale of synaptic events which are thought to underlie the generation of the 
macroscopic potentials recorded in the scalp (reviewed in Speckmann and Elger, 2005). The 
macroscopic scalp potentials of the EEG originate in the synchronous activation of a large 
number of microscopic synaptic potentials with a spatial arrangement leading to the generation 
of an open electric field (Lorent de No, 1947). Such potentials tend to have a rhythmic character 
and a particular topography, which allows the distinction of different functional networks 
(reviewed in Steriade, 2005).  
In order to isolate the scalp potentials of relevance for a given experiment, a method has to be 
designed to decrease the interference of the background activity, while preserving the signal of 
interest. The most commonly used methodology consists in averaging multiple responses 
aligned by the time of occurrence of an event of interest. The averaging selectively preserves 
the potentials time-locked with the event of interest, while reducing the amplitude of non time-
locked activity. A series of event-related potentials (ERPs) are obtained, with peaks distributed 
in time which have been correlated with different processing stages of information on the brain 
(Lopes da Silva, 2005b). The capability to distinguish the temporal sequence of such stages is 
of fundamental importance to gain insight into the dynamics of information processing 
associated with the events of interest.    
The analysis of the phase relations between electrodes in the scalp is a complementary 
methodology (Sayers et al, 1974) which allows the detection of transitory functional connections 
between widely separated brain areas and an insight into the complex dynamics of brain 
networks (Freeman, 1978; Gray and Singer, 1989). The extensive crosstalk between groups of 
neurons both in the close neighborhood and across cortical distances of millimeters or 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
13 
 
centimeters (Gevins el al, 1994) is widely thought to be an important part of the normal 
physiology of brain networks (reviewed in Singer, 1993).  
 
Spatial resolution 
The analysis of the EEG in the first years was based on the study of the temporal dynamics of 
the signal, due mainly to the very bad spatial sampling allowed by the reduced number of 
electrodes of the early electroencephalographs. Despite this, it became apparent that in general 
the scalp potential looked very similar in electrodes in the close neighborhood (Gevins et al, 
1991). This observation led to the establishment of a method of spatial sampling using a 
standard map of 19 channels in the scalp, the 10-20 system (Jaspers et al, 1958). This system 
has been very influential not only in clinical but also in research EEG studies. For a long time 
the limited spatial resolution of the scalp EEG was assumed as a fact of life and little effort was 
made to improve on the spatial sampling of the 10-20 system, which had an average inter-
electrode distance of 6 cm. 
This lack of spatial resolution of the raw scalp potentials has been attributed to the blurring 
effect of the poorly conducting skull on the intracranial potentials (Nunez et al, 1994). An 
additional factor is the significant volume conductor mixing of electric potentials at the scalp 
electrodes, due to close by and far away sources. Significant problems for EEG functional 
mapping arise from the fact that each electrode samples not only its surroundings but also 
distant and poorly known brain areas (reviewed in Nunez and Srinivasan, 2005).  
The development of devices with 32 to 64 electrodes and later with 128 in the 80s and 90s, 
reduced the inter-electrode distance of scalp electrodes to the 2-3 cm range. This led to the 
development of an improved spatial sampling of the scalp EEG and opened the way to new 
methods of data analysis hoping to improve the spatial resolution of the technique. 
 
1.4.2. High-resolution EEG methods 
The first high-resolution method was the Laplacian (Hjorth, 1975), which had several 
refinements (Perrin et al, 1987; Perrin et al, 1989; Nunez and Pilgreen, 1991; Law et al, 1993; 
Le et al, 1994) leading to the modern spline-Laplacian algorithms (Babiloni et al, 1996). The 
Laplacian method of computation provides an estimate of the current sources and sinks 
perpendicular to the skull, and it allows calculation of the dura electric potential (Srinivasan, 
1999) and of the scalp current density (Yao, 2002), without requiring any information on the 
conductivity of the different head compartments. The high-resolution maps have been validated 
extensively in simulation experiments (Nunez et al, 1994), in the mapping of motor and sensory 
areas and in comparison studies with invasive subdural recordings obtained through array 
electrodes in epileptic patients (Gevins et al, 1994). 
Almost at the same time, the incorporation of MRI anatomical data led to the development of the 
cortical imaging methods (Sidman, 1991; Gevins et al, 1991; Le et al, 1993; Gevins et al, 1994), 
which use the model of the volume conductor to project the scalp potentials in the dura surface 
and therefore correct for the skull effect. Because detailed information on the individual head 
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anatomy is incorporated in the deblurring process (Gevins et al, 1994), a higher spatial 
resolution can potentially be obtained than with the Laplacian method (Gevins et al, 1999). The 
correction for the variable skull thickness is a major advantage of the method (Cuffin, 1993), 
which can still improve its performance if better data on the conductivity of the head 
compartments becomes available (Gonçalves et al, 2003). Experimental test of these methods 
has been obtained by comparing the dura potential maps estimated from scalp HR-EEG and 
the ones obtained by intracranial subdural grid electrodes used in candidates for surgery of 
epilepsy (Gevins et al, 1994). 
The maps obtained with the previous HR-EEG methods have major advantages over raw 
potential maps (reviewed in Nunez and Srinivasan [2005] and Gevins [2002]): 
• Both methods are reference-free, overcoming the problems associated with reference 
potentials in the conventional scalp maps.  
• They have a high selectivity for potentials in the neighborhood of the electrodes, therefore 
filtering out volume conductor potentials from distant sources. 
• The selective spatial filter for potentials near the electrodes opens interesting possibilities 
for studying the functional connectivity between cortical areas without the interference of 
volume conduction correlations.     
 
1.4.3. Blind source separation in EEG  
The mapping of the activity of a given brain network in the scalp EEG suffers from a significant 
interference due to the superposition of potentials from other sources in the recording 
electrodes. Potentials from several sources are thought to add linearly in the scalp (Nunez and 
Srinivasan, 2005), and originate at each scalp electrode a complex mix of electric potentials 
originated in nearby and distant brain areas. This fact leads to a decreased signal to noise (S/N) 
ratio in the scalp EEG which makes the study in isolation of the activity of particular brain 
networks a dificult exercise. It is therefore an important goal in neurophysiology to isolate the 
EEG activity of interest from simultaneously occurring background rhythms, and in such a way 
improve the analysis of the spatial and temporal brain dynamics. 
The classical method of averaging multiple responses time locked to an event of interest, is able 
to improve the S/N ratio and it has been the workhorse of non-invasive EEG studies since the 
introduction of computers in neurophysiology in the 50s (Dawson, 1954; Barlow, 1957; Brazier, 
1960). Such methods suffer from several major drawbacks: 
1. The assumed independence between the evoked activity and the background rhythms 
may not hold true in all circunstances (Vijn et al, 1991). 
2. The method assumes that the brain network response to several stimuli is the same 
throughout the duration of the experiment. This assumption may not hold true for some 
settings due to the adaptability of the human nervous system to repeated stimuli. 
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3. Network activity which does not keep a constant phase with the trigger point is reduced 
in amplitude despite the fact that several studies have demonstrated that such activity is 
an integral part of the response to stimuli (reviewed in Pfurscheller and Lopes da Silva, 
2005). 
 
The realization that a given stimulus can originate a change in the EEG that is not necessarily 
phase-locked with it, motivated the development of methods to recover such “induced” activity 
(reviewed in Pfurtscheller and Lopes da Silva, 2005; Makeig, 1993).  
Moreover, the demonstration that certain stimuli can produce changes in the phase of 
background rhythms without changes in amplitude (Sayers et al, 1974), led to the current 
understanding that the phase resetting of ongoing EEG rhythms is a further mechanism that 
brain networks use to process information (Makeig et al, 2002). 
The linear sum of potentials from different sources in the scalp electrodes can be studied by 
decomposing the data matrix in a linear combination of components, hopefully providing a more 
selective representation of independent EEG generators. The first data decomposition method 
to gain popularity in this area was Principal Components Analysis (PCA), which reorganizes the 
EEG data matrix in a mathematically equivalent linear combination of orthogonal components 
(Harner, 1990; Lagerlund et al, 1997). The first component is determined by a least square fit 
along the direction of maximal variance of the data matrix. The sucessive components are 
obtained by repeating the process in the subspace projection obtained by eliminating the 
dimension along the previous component. Despite its success in decorrelating the overlapping 
EEG generators activity in the scalp, the reliability of the principal components to correctly 
express the dynamics of different brain sources has been questioned (Wood and McCarthy, 
1984).  
A similar technique that has gained popularity in recent years is the Independent Component 
Analysis (ICA). ICA was first applied to the analysis of EEG by Makeig et al (1996), using an 
algorithm originally developed by Bell and Sejnowski (1995). ICA algorithms try to maximize the 
degree of linear independence of a number of spatially fixed components equal to the number 
of channels in the data. The temporal evolution of the electric potential at each electrode seen 
in the raw EEG is transformed in the temporal evolution of the components, with each 
component representing spatially stable generators. The ICA decomposition proved extremely 
effective in artifact removal from the EEG data (Iriarte et al, 2003) and also in recovering the 
different elements of the ERP potentials (Makeig et al, 1997). The temporal activation of the 
components can be associated with the activation of distinct brain areas, providing a dynamical 
picture of the working brain (Makeig, 2004). The fact that some of the components have dipolar 
topography over the scalp further suggests that they originate in restricted brain areas. 
Despite the power of these techniques to unmix the electric potentials recorded at the scalp, 
originating in different brain sources, they are nevertheless not able to solve the inverse 
problem in EEG and so in order to find the brain correlates of the components found, additional 
methods must be used.  
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1.4.4. Source analysis 
The goal of source analysis methods is to recover the intracranial configuration of primary 
currents associated with brain network processing of information. The diverse methods 
repeatedly calculate the scalp potential generated by a particular configuration of intracranial 
sources and compute the difference to the recorded potential. The algorithms try to minimize 
this difference by iteratively changing the number, localization or amplitude of the brain 
generators (reviewed in Baillet et al, 2001). This is an ill posed problem when the only source of 
information is the EEG potentials on the scalp (Helmholtz, 1853), and the usual way of obtaining 
a single solution is constraining the problem with assumptions about the intracranial generators 
(reviewed in Baillet et al, 2001). 
Several types of constrains have been used: the moving dipole (variable position and 
amplitude) (Schneider, 1972); regional dipoles (fixed position/orientation and variable 
amplitude) (Sherg and Von Cramon, 1985); anatomical constrains (most commonly including 
only gray matter in the solution space); spatial smoothing (Pascual-Marqui et al, 2002). In 
general it can be said that dipole models recover well the localization of focal sources in 
experimental configurations (Leahy et al, 1998), but in more realistic scenarios one cannot be 
sure of the spatial extent of the sources. Because the scalp potentials are more often 
associated with large synchronous activation of cortical layers (Cooper et al, 1965) than with 
point generators, dipole models do not provide a true mapping of the sources but only general 
information on their localization. The limited knowledge of the detailed conductivity of the 
different head tissues adds a further element of uncertainty. 
From the above considerations one can say that the success of source analysis is critically 
dependent on the choice of the appropriate constrains to the problem at hand, as well as on the 
choice of the adequate algorithm. In general such a choice will have to be directed by the 
results of experimental validation studies in sources with similar characteristics to the one of 
present interest. The use of associated physiological parameters such as the BOLD activation, 
acquired by fMRI concomitantly with the EEG, are also being actively considered (Grova et al, 
2008; Liu and He, 2008), but it is likely that such approaches will also require extensive 
experimental validation (Plummer et al, 2008). 
 
1.5. Brain mapping with functional magnetic resonance 
1.5.1. Brain mapping with fMRI 
Although methods of fMRI became available in the late 80s, the major advance in its use for 
mapping of human brain function happened in the early 90s when Ogawa et al (1990) 
demonstrated the possible use of the BOLD contrast imaging for monitoring the neuronal 
physiology. In this seminal report, MR signal loss in the brain blood vessels of a rat occurred 
when hypoxic conditions were imposed, and then cleared when oxygen blood level was 
normalized. This phenomena was explained by the change in the magnetic susceptibility of 
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blood vessels induced by changes in deoxyhemoglobin concentration, which produced local 
variations in the T2* relaxation. The suggestion made by Ogawa that such effect could be used 
to image neuronal function proved prophetic and represented a major development in the field 
of fMRI.  
The BOLD contrast became widely used after the first studies in 1992 (Blamire et al, 1992; 
Kwong et al, 1992; Ogawa et al, 1992) and proved a reliable (Buckner et al, 1998) and sensitive 
tool, both to fundamental and clinical research. Because of its non-invasive character the 
experimenter was free to repeatedly test the subjects, allowing a wide scope for possible 
experimental setups. 
The kinetics of the vascular activation was documented (Boynton et al, 1996), and the relation 
with the local blood flow and changes in oxyhemoglobin and deoxyhemoglobin were established 
(reviewed in Logothetis and Wandell, 2004). The BOLD signal increase starts 2-3 seconds after 
the neuronal pulse and reaches a maximum at 5 seconds, slowly decreasing afterward. Menon 
et al (1995) demonstrated that an early BOLD decrease occurred in the first 2 seconds, which 
they interpreted as a focal deoxygenation phase preceding the much stronger oxygenation 
phase.  
The coupling of neuronal function with the vascular response proved a more difficult subject, not 
solved to the present day (reviewed in Logothetis 2003). 
The first fMRI studies used a block design for the experimental paradigm because such setup 
facilitated both acquisition and analysis of the data. The demonstration that brief stimulus of 
about 2 seconds can elicit a BOLD response (Blamire et al, 1992) led to the development of 
event-related designs, which allow a much more flexible experimental design (reviewed in 
Buckner, 1998). The demonstration that the BOLD response adds approximately linearly for 
successive events (Boynton et al, 1996; Dale and Buckner. 1997) has been an important 
development that opened the way to studies with a large number of trials, presented in a short 
period of time, and allowing complex experiments and improvement of the signal to noise ratio 
of the fMRI. More recent work demonstrates a refractory period effect for short inter-stimulus 
trials (Huettel and McCarthy, 2000). 
A major contribution to the understanding of the neuronal basis of the BOLD response has been 
given by Logothetis et al (2001), which made simultaneous recordings of neuronal spike activity, 
field potentials and the BOLD effect in the visual cortex of monkeys. A linear relation was 
demonstrated between the amplitude of local field potentials and the BOLD signal (reviewed in 
Logothetis, 2004). The correlation of the BOLD signal with the neuronal spiking was less 
consistent. These and later experiments led to the widespread acceptance that the BOLD signal 
correlates essentially with synaptic network activity. 
The achievable spatial resolution increased steadily with the technical advances in the scanner 
hardware and experimental design. In the human visual cortex several studies have been able 
to resolve the retinotopic organization to the millimeter range (Engel et al, 1997) and later to the 
sub-millimeter range (reviewed in de Zwart et al, 2006). In lower mammals, which can be 
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studied in higher magnetic fields, the spatial resolution allowed analysis of the cortical columnar 
organization (Duong et al, 2001).  
A more detailed spatial resolution of fMRI in humans is promised by the use of the initial dip of 
the hemodynamic response function, associated with an early increase in deoxyhemoglobin. Up 
to now no consistent improvement in human studies has been obtained due to the low signal to 
noise of the method (reviewed in Kim and Ogawa, 2002). 
The methods more commonly used for analysis of fMRI data are model-driven and require a 
previous specification of the stimuli time convoluted with a hemodynamic response function 
(HRF). A General Linear Model (GLM) is then used to reconstruct the signal as a linear 
combination of multiple variables of interest and non-interest. Alternative methods of analysis 
have been developed which do not require such previous model specification, and are based in 
ICA analysis (McKeown et al, 1998). Such approaches might be particularly helpful when there 
are problems in specifying a model due either to poor knowledge on the stimuli sequence or of 
the HRF (Duann et al, 2002). In the most general cases both methods produce similar results 
(Quigley et al, 2002; Nybakken et al, 2002). 
 
1.5.2. Limitations of fMRI in the study of brain dynamics 
The requirement for high magnetic fields to achieve good MRI results imposes major limitations 
on the potential of the technique for exploration of the brain physiology: 
1. The subjects are placed in a noisy and claustrophobic environment, which can affect the 
experimental performances. 
2. Because body movements are very detrimental to the quality of the imaging, a strong 
emphasis is placed on the subject immobility, a very uncomfortable requirement for long 
experimental designs. 
3. Because the BOLD signal is affected by multiple factors, no absolute quantification is 
possible in fMRI, restricting the experimental designs to comparisons between activated 
states and a baseline. 
4. Fundamental questions remain unanswered on the mechanisms of the neuronal activity 
coupling with the vascular response, leading to a degree of uncertainty on how much of 
the neuronal behavior is reflected in the BOLD signal. 
5. Some areas of the brain are commonly affected by magnetic susceptibility artifacts that 
decrease the quality of the imaging. Such is the case for the lower temporal lobe and 
orbito-frontal cortex. 
6. The major limitation of fMRI to the study of brain networks dynamics is nevertheless the 
reduced temporal resolution imposed by the slow vascular response to neuronal events. 
It is well established that significant information processing takes place in intervals of a 
few hundreds of  milliseconds, at least an order of magnitude lower than the best 
temporal resolution of BOLD-fMRI. In experiments with fast reaction times, both 
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processing of the presented stimulus and response generation are performed even 
before any increase in the BOLD signal is apparent. No real-time monitoring and 
analysis of neuronal physiology is therefore possible, and fMRI provides a temporal 
integration of events that corresponded to a temporally smoothed version of the 
neuronal activity. Despite the theoretical capability to discriminate the spatial 
organization of neuronal networks, the inability to establish the temporal sequence of 
activation of different brain areas does not allow the establishment of a dynamical 
cause and effect relationship.  
 
1.6. Brain mapping with simultaneous EEG/fMRI 
1.6.1. Historical origin of EEG-fMRI 
The first report of human EEG recording in the MRI scanner was the one of Ives et al (1993). In 
this study the feasibility of reducing the mutual interference of the EEG and MRI equipment to a 
level that valuable information for each modality could be obtained, was demonstrated. From 
then on significant efforts have been devoted to the development of EEG equipment with 
reduced interference in the EPI acquisition and small MRI-induced artifacts on the EEG 
recording. Different materials were tested for the electrode composition: gold, silver, sintered 
AgCl; non-ferrous special amplifiers were designed to operate inside the scanner room; special 
cables of optical and carbon fibers were selected and physical arrangements with serial 
resistances were employed to reduce induced currents (reviewed in Ritter, 2006). 
Patient safety has always been a major concern of the method (reviewed in Lemieux et al, 
1999) and with the adopted designs no injury resulting from the technique has ever been 
reported, until now.  
The commercial and custom made systems currently available reduced the interference with 
image acquisition to an almost negligible level, while the artifacts in the EEG recording remain a 
significant problem. This led to the need for EEG artifact removal through software algorithms 
which have been the focus of intense work (Allen et al, 1998; Allen et al, 2000; Hoffman et al, 
2000; Garrefa et al, 2003; Neguishi et al, 2004; Niazy et al, 2005; Mantini et al, 2007; 
Gonçalves et al, 2007). 
Due to the early limitations in EEG artifact removal, the oldest systems used an event-triggered 
fMRI acquisition (Krakow et al, 1999) in which the fMRI acquisition started a few seconds after 
occurrence of the event of interest. The development of effective methods to record good EEG 
during EPI acquisition (reviewed in Gotman et al, 2004) led to the current standard method of 
simultaneous acquisition of both modalities (Lemieux et al, 2001; Lazeyras et al, 2001; 
Goldman et al, 2002; Sommer et al, 2003). 
 
1.6.2. Effect of the EEG equipment in fMRI  
Because conventional EEG recording is done with the use of metal electrodes and conducting 
wires, a major concern in developing an EEG system for EEG-fMRI was to eliminate all 
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paramagnetic materials and still obtain good EEG signal (reviewed in Gotman et al, 2004). Such 
materials can produce significant magnetic susceptibility effects with the consequent loss of 
signal in the neighboring of the electrodes (Krakow et al, 2000). A similar effect can be 
produced by some conductive gels used in EEG. 
The presence of the EEG equipment in the scanner room can therefore lead to a decrease in 
the signal/noise ratio of the acquired images, with reduced overall quality. 
 
1.6.3. Effect of fMRI acquisition on the EEG 
The scanner room is a very noisy environment for EEG recording. The patient is exposed to 
constant (scanner main field) and variable (imaging gradients) magnetic fields, as well as to the 
radio frequency emitted by the imaging coil to excite the nuclear spins.  
The constant magnetic field induces few changes in the raw EEG, resulting mainly in increased 
sensitivity to movement artifacts, with a sometimes prominent heart beat artifact 
(ballistocardiogram). Such effects are easily removed and in general the main magnetic field 
does not significantly interfere with EEG acquisition. 
The fast gradient switches required for EPI acquisition produce electrical potentials in the EEG 
electrodes by magnetic induction. Their amplitude is very high, typically more than ten times the 
baseline amplitude. Removal of these artifacts is essential as they severely affect EEG reading 
and analysis. Several algorithms have been developed (Allen et al, 2000; Hoffman et al, 2000; 
Garrefa et al, 2003; Neguishi et al, 2004; Niazy et al, 2005; Mantini et al, 2007; Gonçalves et al, 
2007) and found to be very effective in reducing the impact of the variable magnetic fields in the 
EEG. 
 
1.6.4. Advantages of the simultaneous EEG-fMRI 
From the previous considerations it became evident that temporal resolution is the main 
limitation to the ability of fMRI to map brain dynamics. On the other hand the EEG recording 
suffers from relatively bad spatial resolution which prevents a detailed brain mapping with this 
modality alone. 
In view of the reduced interference of modern EEG recording in the quality of the fMRI acquired 
concomitantly, a major expectation for the integration of both techniques is that the EEG 
temporal resolution will provide the timing accuracy to the fMRI activation clusters (Makeig et al, 
2003). The demonstration of the temporal sequence of activation of the several brain areas 
typically associated with cognitive processing provides important information to establish the 
flow of information between the different brain networks and their physiological role in the 
overall brain activity. 
The EEG also allows insight on the properties of the background brain activity, an important 
point when a comparison of BOLD activations is to be made between different subjects or with 
the same subject at different times (Gonçalves et al, 2006). Because no absolute measures are 
obtained in fMRI, ensuring common brain background properties is essential for appropriate 
comparison of activation results. 
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The EEG record can demonstrate the existence of some scalp potentials apparently not 
associated with sensory stimulation, the so called endogenous potentials, whose time of 
occurrence can be determined precisely. Imaging with good spatial resolution the brain areas 
activating when such potentials occur is essential to establish their origin and the physiological 
processes to which they are associated. 
 
1.6.5. Methods of integration of EEG and fMRI 
The information provided by the EEG and fMRI addresses different aspects of the neuronal 
activity in brain networks. While the scalp EEG results from the synchronized synaptic potentials 
in cortical pyramidal cell, the BOLD signal is an indirect effect resulting from the vascular 
response to the neuronal activation. The connection between the two types of responses has 
been a focus of intense investigation (reviewed in Logothetis, 2003), but the detailed 
mechanisms leading from the synatipc potentials to the BOLD response have not been 
elucidated yet (reviewed in Logothetis and Wandel, 2004).  
The first attempts to integrate the two types of information tried to use the BOLD clusters as 
direct indicators of the brain localization and number of the generators of the scalp EEG. 
Because these two types of information are among the most difficult ones to recover from the 
source analysis methods in EEG, if true this approach would represent a major advance in non-
invasive EEG source analysis. Unfortunately the experimental studies on the degree of 
concordance between EEG source analysis and fMRI activations demonstrated discrepancies 
in localization of several centimeters (Lemieux et al, 2001; Bagshaw et al, 2005; Bénar et al, 
2006), suggesting that the BOLD clusters do not provide a very accurate localization of 
neuronal generators. Problems also arise in establishing the number of intracranial generators 
from the BOLD clusters, because clusters very often are multiple, making it difficult to establish 
the ones with significance and the ones resulting from false positives. 
Whether the previous discrepancy might be due to suboptimal BOLD activations caused by a 
deficient model specification of the design matrix extracted from the EEG (Liston et al, 2006), to 
the failure to incorporate important regressors (De Munck et al, 2008), to unapropriate 
assumptions about the homogeneity of the HRF throughout the brain (De Munck et al, 2007) or  
a more fundamental physiological property, is currently unknown. The efforts to improve the 
analysis of the fMRI data also benefited greatly from the development of data-driven methods, 
which in experimental settings where the activation model cannot be completely specified (such 
as in epilepsy), allow insight into the dynamics of the BOLD changes.  
A method widely used is based on “seeding” regional dipoles at the BOLD clusters and then 
solve a “constrained” source analysis problem (reviewed in Wagner and Fuchs, 2001). Other 
authors use linear continuous models with fMRI constrains to focus the activation area (Babiloni 
et al, 2001). Methods based in Bayesian inference also use the BOLD clusters to provide a 
priori information to guide the search procedure (Grova et al, 2008). 
Despite the fact that the EEG spatial sampling has improved in recent years with the 
introduction of recording devices with a large number of electrodes (64-128), no study 
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correlating high-resolution EEG and BOLD activation has been published to the best of our 
knowledge.  
 
1.7. The human epilepsies as models of the behavior of brain networks 
The human epilepsies are diseases characterized by spontaneous and unpredictable behavioral 
abnormalities (seizures) resulting from the synchronous activation of a network of neurons 
constituting the epileptogenic area. Such pathological networks express abnormal activity 
clearly distinct from normal brain rhythms between seizures (interictal spikes) and also distinct 
EEG activity in the seizure events (ictal activity).  
From a dynamical point of view, the interictal activity is very fast (in the milliseconds range) and 
also expresses the long distance functional connection (sometimes to opposite areas of the 
brain) seen in some normal brain rhythms (Steriade, 2005). The EEG of epileptic activity has 
the experimental advantage of much higher amplitude than the normal physiological rhythms 
and it also has good specificity to express the activity of the epileptogenic area, as compared to 
the poorly known generators of the normal EEG activity (Steriade, 2005). Because the 
epileptogenic areas range in spatial extent from millimeters to several centimeters, the spatial-
temporal requirements for an adequate mapping are similar to the ones of the normal neural 
networks. The study of this pathological model offers therefore an advantageous experimental 
setting in which to test the power of functional brain mapping. 
The epileptic seizures represent another class of events in which a particular brain network 
demonstrates a peculiar dynamical behavior (reviewed in Niedermeyer, 2005), clearly distinct 
from the one of the normal brain. The analysis of such temporally extended and dynamical 
network activities, with its spreading to different brain areas, has been difficult to characterize 
using the current methods of brain mapping. The capability to provide information on the 
dynamical involvement of different brain areas in such extended behavior episodes would be of 
the most advantage to study normal human behaviors. 
Some human epilepsies are refractory to pharmacological therapy, and then surgery for 
epilepsy is contemplated. In this procedure the epileptogenic area is surgically removed to 
eliminate the seizure events. The decision on the type of surgical procedure is established after 
extensive clinical, neurophysiological, neuropsychological, imagiological and psychiatric 
evaluations. The outcome of such procedures offers a unique opportunity for validation of the 
results of brain mapping, namely the EEG and EEG-fMRI studies. 
In order to address the experimental goals set forth in the section 1.1, we selected three groups 
of epilepsy patients: 
1. Patients with idiopathic occipital lobe epilepsy of childhood, providing an oportunity to 
compare the information obtained with EEG mapping with the one obtained through 
the simultaneous recording of EEG/fMRI. 
2. Patients with epilepsy associated with Hypothalamic Hamartomas have a very well 
known source of epileptic activity, providing a useful oportunity to test the localizing 
capabilities of neurophysiological functional brain mapping. 
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3. Patients with focal epilepsies under study for surgery of epilepsy are valuable 
experimental oportunities to determine the degree of concordance of functional brain 
mapping with the structural lesions and/or the brain areas removed on successful 
surgery, providing validation of the maps obtained. 
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2. IDIOPATHIC OCCIPITAL LOBE EPILEPSY 
2.1. Overview of idiopathic occipital lobe epilepsy 
The occipital lobe epilepsies constitute a heterogeneous group which has in common the 
existence of EEG spikes over the posterior scalp areas. While the symptomatic forms 
associated with structural brain lesion are rare, the idiopathic (without structural lesion) cases 
occur mainly in childhood and are relatively common. 
The idiopathic occipital lobe epilepsies have been grouped in syndromes with diverse seizure 
semiology, age of onset, EEG manifestations and clinical course (reviewed in Taylor et al, 
2003). Three distinct syndromes have been well established: The early onset occipital lobe 
epilepsy of childhood (Panayiotopoulos syndrome [Panayiotopoulos, 1989]), the late onset 
benign occipital lobe epilepsy of childhood (Gastaut syndrome [Gastaut et al, 1992]) and the 
photosensitive occipital lobe epilepsy of childhood (Guerrini syndrome [Guerrini et al, 1995]). 
The behavioral manifestations in the seizure events are very distinct in each of these 
syndromes, suggesting that different cortical areas are involved in their origin. Because no 
structural brain lesions have been demonstrated in such cases and the clinical manifestations 
are not specific enough to point the particular brain area involved, it is currently unknown which 
particular cortical area is responsible for the epilepsy in each syndrome.  
EEG studies, despite the fact that prominent spikes are easily recorded over the posterior scalp, 
have not been able to provide a robust indication of the localization of the generators of the 
epileptic activity. The Panayiotopoulos syndrome is particularly striking, because despite the 
relatively monotonous and easily recognizable clinical picture, patients present with multifocal 
EEG spikes with a changing pattern along time (Ohtsu et al, 2003) that has been the focus of 
major speculation in recent years (Koutroumanidis, 2007). 
We performed four studies on the subject: 
1. (Leal et al, 2006a [section 2.2]) 
A comparison was made between the use of EEG (source analysis) and EEG-fMRI in 
two patients with the Gastaut syndrome and one with the Guerrini syndrome. Clearly 
distinct BOLD patterns of activation were found between the two syndromes, but a 
consistent pattern in the two patients with the same syndrome. The EEG-only analysis 
failed to provide a consistent distinction between syndromes and produced inconsistent 
results in patients with the same syndrome. In general the spatial concordance between 
spike related BOLD clusters and EEG sources was bad. 
2. (Leal et al, 2007a) [section 2.3] 
An analysis of the complex interictal spike patterns present in patients with the 
Panayiotopoulos syndrome is done in a group of five patients. The use of independent 
component analysis allowed decomposition of the scalp occipital spikes in several 
components with distinct spatial and temporal configuration, suggesting significant 
spread of epileptic activity in each spike. A comparison with rolandic spikes present in 
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the same patients is done. We conclude that fast spread of epileptic occipital spikes can 
provide an explanation for the complex and apparently multifocal character of these 
events. We also identified an early area of activation in the lateral occipital-temporal 
area. 
3. (Leal et al, 2008b) [section 2.4] 
In a follow up paper we tested the spread theory to explain the multifocal spikes by 
selecting three patients with predominant frontal lobe spikes despite classic clinical 
manifestations of occipital lobe epilepsy (Panayiotopoulos syndrome). Using 
independent component analysis and high-resolution EEG we identified an early 
occipital epileptic discharge preceding the frontal one, effectively ruling out an 
independent frontal lobe generator for these spikes. The posterior discharges are 
localized over the occipital-temporal area of a single hemisphere and are compatible 
with the results of the previous paper in a different set of patients with the same 
syndrome.   
4. (Leal et al, 2007b) [section 2.5] 
The interictal spike activity in a patient with the Panayiotopoulos syndrome is studied 
with high-resolution EEG and simultaneous EEG-fMRI. The first study revealed an 
occipital topography for the interictal spikes, while the second one put in evidence 
multiple BOLD clusters, involving the occipital, temporal and frontal lobes. After 
integrating the two types of information, using dipole seeding at the BOLD clusters of 
activation followed by source analysis, a dynamical model was obtained, with onset in 
the occipital-temporal transition followed by temporal lobe spread.  
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2.2. Leal, A, Dias AI, Vieira JP, Secca MF, Jordão C. The BOLD effect of interictal spike activity 
in childhood occipital lobe epilepsy. Epilepsia 2006a; 47(9): 1536-1542. 
 
Abstract 
Purpose: Occipital lobe epilepsy (OLE) presents in childhood with different manifestations, age 
of onset and EEG features that form distinct syndromes. The ictal clinical symptoms are difficult 
to correlate with onset in particular areas in the occipital lobes, and the EEG recordings have 
not been able to overcome this limitation. The mapping of epileptogenic cortical regions in OLE 
remains therefore an important goal in our understanding of these syndromes. 
Methods: In this work, three patients with two types of idiopathic childhood OLE were studied 
with EEG source analysis and also with mapping of the BOLD effect associated with spikes in 
simultaneous EEG/fMRI recordings. 
Results: Two patients with late onset OLE provided EEG source localizations in the lateral 
parietal cortex and in the medial occipital areas. The BOLD activations were consistent and 
restricted to the medial parietal-occipital cortex in both cases. One patient with photosensitive 
idiopathic OLE presented with dipole sources in the medial parietal cortex, but the BOLD 
activations were widespread over inferior and bilateral occipital areas and also posterior 
temporal ones. There was little spatial overlap between the EEG and BOLD results, but the 
localizations suggested by the latter are more consistent with the clinical manifestations of each 
type of epileptic syndrome. 
Conclusions: Overall, the BOLD effect associated with interictal spikes maps epileptogenic 
areas to different localizations than the ones suggested by EEG source analysis. These maps 
are similar in two patients with late onset idiopathic OLE, but different from a case of 
photosensitive idiopathic OLE. 
 
Introduction 
The occipital lobe epilepsies (OLEs) of childhood are a heterogeneous group of diseases with 
diverse clinical symptoms, age of onset and prognosis (Taylor et al, 2003). The EEG helps in 
the localization of the epileptic activity to the occipital lobes, but it is not syndrome-specific and 
very often the abnormalities also involve the parietal and temporal areas (Taylor et al, 2003). 
The topography of spikes rarely points to the particular region in the occipital lobes originating 
the seizures and the few attempts to do source analysis did not improve the generally poor 
electroclinical correlation (Van de Meil et al, 1997). In the case of idiopathic epilepsies, where 
brain imaging is normal, the particular regions of seizure onset remain unknown, despite the 
consistent clinical picture of each syndrome. 
The detection of the BOLD effect associated with the occurrence of interictal spikes in 
simultaneous EEG/fMRI recordings offers a promising way to detect the epileptic neuronal 
dysfunction with high spatial resolution (Al-Asmi et al, 2003). Some studies with this method 
have been done in symptomatic OLE (Lazeyras et al, 2000; Bénar et al, 2002; Al-Asmi et al, 
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2003) demonstrating significant posterior activation. No work has been done in idiopathic OLE, 
a group of epilepsies where clues to the particular cortical area of onset are lacking.  
The goals of this work are to use the BOLD effect associated with the occurrence of interictal 
spike activity in different types of childhood OLE to improve the electroclinical correlation and 
also to compare the degree of concordance of this technique with the conventional methods of 
EEG source analysis. 
 
Methods and subjects 
Methods 
Three patients with the diagnosis of idiopathic OLE from the outpatient clinic of the Pediatric 
Neurology Department of Hospital Dona Estefânia were submitted to a 60-min EEG recording 
outside the scanner, including a sleep period, with a cap of 36 AgCl electrodes (Fp1/2, F3/4, FC3/4, 
C3/4, CP3/4, P3/4, PO1/2, O1/2, F7/8, FT7/8, T3/4, TP7/8, T5/6, FT9/10, A1/2, Fz, FCz, Cz, CPz, Pz, Oz). The 
sampling rate was 256 Hz and intermittent photic stimulation was performed at the end of 
registration. Later in the same day a session of functional MRI was performed while 
simultaneously recording the EEG (19 electrodes at standard 10-20 positions). Each patient 
demonstrated a single, topographically stable, paroxysm type. This was the main 
neurophysiological criteria for selection of patients for this study. Informed consent was 
obtained from the parents of the patients. 
Source analysis of the EEG was done using in spikes detected visually in recordings obtained 
outside the scanner in all patients and also inside for patient 1. The EEG was high pass filtered 
at 3 Hz (zero phase shift filter with 24 dB/oct) and spikes with good signal to noise ratio were 
aligned by the peak amplitude to produce an average spike. For patients 2 and 3, not enough 
spikes could be recorded inside the scanner to produce stable dipole solutions. The sources 
were obtained from instantaneous moving dipoles at the peak of average spikes (n= 43, 19 and 
21 for patients 1, 2 and 3), with a standard three layer Boundary Element Model (BEM) volume 
conductor model (conductances of 0.33, 0.0042, 0.33 S/m for scalp, bone and brain), provided 
in the Source2 software package (Neuroscan, El Paso, Mexico). Standard electrode positions 
were also used. The confidence ellipsoids for the dipole positions represent the 1 SD interval 
and are directly proportional to the noise estimate in the average spikes (Fuchs et al, 2004), 
evaluated as 5 µV, 6 µV and 5 µV, for patients 1, 2 and 3. 
The EEG/fMRI consisted in the acquisition of blocks of 100 brain volumes each one made of 16 
EPI images (in plane resolution 3.75 mm and slice thickness of 7 mm, no spacing; echo time 50 
µs; flip angle of 90º) obtained with a TR = 3 s, corresponding to periods of 5 min of continuous 
and simultaneous monitoring. 4 to 6 blocks were obtained per patient, providing 20 minutes of 
simultaneous monitoring for patient 1, 30 minutes for patient 2 and 20 minutes for patient 3. A 
brain T1 weighted anatomic sequence (in plane resolution 0.94 mm and slice thickness of 1.3 
mm) was obtained in the same session.  
Images were acquired in a 1.5T GE CVi/NVi scanner, while the EEG was recorded through a 
set of AgCl electrodes connected to an amplifier located outside the scanner room through 
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carbon fiber wires (MagLink, Neuroscan, El Paso, TX, U.S.A.). The cap did not produce 
detectable artifacts in the MRI sequences, so these could be processed without any special 
correction. The EEG was corrected for artifacts induced by the magnetic field and rapidly 
changing imaging gradients offline using commercial software (Scan 4.3.2, Neuroscan).  
The time of occurrence of spikes was determined and used to classify the acquired image 
volumes, resulting in sequences of events of interest used to build an event-related paradigm. 
To model the hemodynamic function a Gamma function with derivatives was used (Huetel et al, 
2004). Sixty, three and nine spikes were used, respectively for patients 1, 2 and 3. The EPI 
sequences were corrected for movement and slice acquisition time and smoothed with a 
Gaussian kernel of FWHM 8 mm. A local autocorrelation correction was used (Worsley et al, 
1992) and z statistic images generated. The correction for the multiple comparison problem was 
done using a cluster threshold with a p=0.05. The preprocessing and paradigm-related analysis 
of the fMRI was performed using the FSL software package (Smith et al, 2004). 
Representation of dipoles on individual brain anatomy was performed by adjusting the fiducial 
points (nasion, preauricular points inion and vertex) of the BEM model on the individual 3D T1 
MRI. Representation on the inflated cortex was done with the FreeSurfer software package 
(Fischl et al, 1999). 
 
Case 1 
This 13-year-old boy is the son of healthy and nonconsanguineous parents. Gestation and 
delivery were normal and the cognitive and motor development milestones were reached at the 
appropriate ages. At the age of 7 years, there was an episode of sudden bilateral loss of vision 
of brief duration, without loss of consciousness or other clinical symptoms. The neurological 
examination performed hours later was normal.  
The EEG revealed high-amplitude spikes over the posterior temporal and occipital areas in the 
right hemisphere, that blocked partially during recording with the eyes open. A brain 1.5T MRI 
scan was performed and considered normal. 
Medication with Sodium Valproate (250 mg twice daily) was started and he remains seizure-
free. 
 
Case 2  
This 12-year-old girl has a history of uneventful gestation and delivery. Development in early 
childhood was reportedly normal and intelligence is also normal. 
At the age of 9 years, the parents noticed the occurrence of very frequent, daily episodes of 
motor arrest with purposeless hand movements, when she was watching TV. During these 
episodes she stared, remained immobile and did not respond to verbal stimuli. No eyelid 
movements or loss of tone were apparent. This behavior was also triggered by an abstract 
yellow pattern on the kitchen wall mosaics, which were green. She could stand for long periods 
of time in front of a particular mosaic without paying attention to the surroundings. Later on 
when asked what she was seeing she would say that “there was a lion’s head”.  
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The EEG showed frequent bursts of parietal-occipital spike-wave activity at 5-7 Hz, lasting 
seconds and persistent posterior photo-paroxysmal response to intermittent light stimulation in 
the range of 4-10 Hz. 
A younger brother (6-year-old) presented reflex epilepsy in early childhood where the seizures 
could be evoked by lightly tapping the forehead.  
 
Case 3 
A 12-year-old boy with no family history of epilepsy was studied. He was born at the gestational 
age of 37 weeks by forceps with an APGAR score of 6/10. He had a normal motor and cognitive 
development. 
With age 3 years, he developed partial complex seizures with occasional generalization and 
without fever. Later on, he presented frequent drop attacks with no apparent cause. He was 
treated with Carbamazepine and the seizures stopped. He remained controlled until he was 11, 
at which time he had three seizures characterized by sudden loss of vision followed by 
interruption of consciousness in two, and one with visual hallucinations where he saw images 
similar to a motion picture he had seen previously. Headaches followed the seizures. 
The EEGs showed a persistently normal background and abundant spike activity over the right 
occipital and parietal areas. No photo-paroxysmal response was apparent. 
He attends regular school without significant learning difficulties. 
 
Results 
The EEGs obtained inside the scanner allowed recognition of interictal spikes in all patients 
(Figs. 2.2.1c, 2.2.2c, and 2.2.3c), which were abundant in patient 1 and rare in the remaining. 
The number of spikes was clearly reduced in all patients as compared with the recording 
outside the scanner. This agrees well with what we would expect from comparing sleep 
recordings obtained outside with full awaken ones obtained inside the scanner, as sleep is a 
powerful activator of spikes in childhood idiopathic epilepsy. 
For patient 1, the EEG background is normal and high-amplitude spikes are present over the 
left occipital-parietal region (Fig. 2.2.1a), most often occurring rhythmically at 1-3 Hz and with a 
clear reduction while recording with the eyes open. The spike morphology and topography are 
monotonous and demonstrate a clear bipolar scalp distribution of the electrical potential (Fig. 
2.2.1b). The source analysis reveals dipoles located over the cortical right parietal-occipital 
region (Fig. 2.2.1b), suggesting a restricted focal epileptogenic area. The source obtained from 
EEG inside the scanner shows a similar localization but suffers from worse signal to noise ratio 
(larger confidence ellipsoid) and deficient spatial sampling over right temporal areas (solution 
shifted to the left) (Fig. 2.2.1c). The BOLD effect associated with the occurrence of spikes 
involves the more posterior and medial areas of both parietal lobes, with small clusters in the 
neighborhood of the calcarine fissure (Fig. 2.2.1d,e). No significant BOLD activation is apparent 
in the cortex adjacent to the source analysis dipoles. Deactivation analysis produces several 
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clusters, with a more consistent one over the right parietal area, in a localization similar to that 
of EEG source analysis. 
Patient 2 presents a normal background EEG with bursts of spikes over the posterior 
hemispheres (Fig. 2.2.2a), and focal photo-paroxysmal response induced by intermittent light 
stimulation. The scalp potential distribution is of a dipolar type, and the source analysis 
suggests that the localization of the spike generators is in the midline parietal-occipital area, 
with a slight lateralization to the left (Fig. 2.2.2b). The regions of significant BOLD activation 
spread over the occipital lobes, involving the lower lateral cortex on both hemispheres, and also 
the more rostral medial occipital cortex and posterior temporal areas on the right (Fig. 2.2.2c,d). 
The areas where the dipoles of the source analysis are located show no significant BOLD 
activation. No significant spike-related deactivation was apparent. 
Patient 3 presents spikes and sharp waves with maximum amplitude over occipital electrodes 
(Fig. 2.2.3a). The average paroxysm shows a dipolar potential field over the scalp, and the 
moving dipole solution locates the generators in the medial occipital lobe (Fig. 2.2.3b). The 
BOLD hotspots are located over the posterior and medial occipital cortex and also over the 
basal ganglia in the right hemisphere (Fig. 2.2.3d,e). The ones localized in the occipital lobe are 
more superficial than the dipole solutions, and point to different cortical areas as the source of 
scalp paroxysms. The BOLD deactivation occurs in the left frontal lobe. 
 
Discussion 
The different types of OLE reviewed demonstrate a clear discrepancy between the localization 
of epileptogenic cortical areas suggested by the EEG source analysis and the BOLD activations 
associated with the paroxysms. This occurs despite the fact that the spatial sampling of the 
EEG over posterior areas was increased (Van der Meij et al, 1997) resulting in five electrodes 
over occipital areas (as compared with two for the 10-20 system) and an even more significant 
increase over parietal and temporal areas (Figs 2.2.1b, 2.2.2b, and 2.3.3b). 
The fact that the EEG used for source analysis was obtained outside the scanner room, evokes 
the possibility that this discrepancy might be due to different paroxysm types being analyzed in 
the two methods. This is unlikely because patients were selected to the study with the 
requirement that they had topographically stable, single paroxysm types in previous EEGs; the 
data collection was done in the same day; and the paroxysms in the EEG obtained inside and 
outside the scanner room show a similar topography (Figs 2.2.1a-c, 2.2.2a-c, and 2.2.3a-c). 
Patient 1 presents a normal development and MRI, pointing to an idiopathic epilepsy. The 
clinical and neurophysiological features are typical of late onset childhood epilepsy with 
Occipital Paroxysms (Gastaut et al, 1992), with onset at school age, amaurosis as the main 
visual manifestation and occipital EEG spikes blocking with the eyes open. Little is known about 
the cortical areas involved in spike or seizure generation in this syndrome, but ictal semiology 
would suggest a locus near the primary visual area, while the dipole analysis of Van der Meij 
(Van der Meij et al, 1997) suggests superficial sources just beneath the skull layer. Our results 
show a similar superficial localization (Fig. 2.2.1b), but over lateral parietal areas, despite the 
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fact that we used more electrodes and a realistic volume conductor model. The electroclinical 
correlation between dipole solutions and clinical ictal symptoms remains poor as no reference in 
the literature could be found with respect to amaurosis as a manifestation of a focus in this area, 
and no electrical stimulation in the parietal lobe lead to this symptom. The BOLD activations 
located in the medial parietal-occipital cortex, and also in the neighborhood of the calcarine 
sulcus (Fig. 2.2.1e) provide a more consistent electroclinical correlation, as electrical stimulation 
in the posterior cingulate and inferior precuneus could induce blurred vision (Richer et al, 1991). 
The significance of the activation in the right basal nuclei is difficult to evaluate, and whether it 
represents an abnormal functional connection with the epileptic cortical focus as suggested by 
Federico et al. (Federico et al, 2005) for similar activations is uncertain.  
Patient 3 had early developmental problems but the normal intelligence, lack of lesion in the 
MRI, and normal EEG background with posterior spikes, suggest the diagnosis of idiopathic 
epilepsy. Amaurosis as the main ictal symptom in recent years strongly suggests the inclusion 
in the syndrome of late onset childhood epilepsy with occipital paroxysms (Gastaut et al, 1992), 
which can also present interruption of consciousness, visual hallucinations and post-ictal 
headache. This syndrome can start as early as 3 years of age and be associated with partial 
seizures, generalized tonic-clonic seizures, and ictal falls without loss of consciousness 
(reviewed in Panayiotopoulos, 2002). The localization of the dipole solution provides a good 
electro-clinical correlation and agrees well with the previously mentioned literature experience 
on electrical stimulation of the region (Richer et al, 1991). 
The BOLD activation on the more posterior parietal-occipital region, although in a different 
localization, also correlates well with results of local stimulation. Deactivation over the right 
frontal lobe has no clear EEG correlate in the scalp recording, remaining difficult to interpret. 
The BOLD activation data of patients 1 and 3 correlates well and strongly suggests that the 
epileptogenic area in the Gastaut type of benign OLE is localized in the medial parietal areas of 
both hemispheres. 
In patient 2, the normal neurological status, neuroimaging, and the evidence of a genetic 
component, point to an idiopathic epilepsy. The visually induced seizures, EEG with prominent 
focal photo-paroxysmal response and occipital spikes, strongly suggest the diagnosis of 
Idiopathic Photosensitive OLE (Guerrini et al, 1995). To the best of our knowledge no dipole 
analysis has been done in this syndrome, so little is known about the possible spike sources. In 
our case the dipoles are located in the lateral parietal lobe, near the midline (Fig. 2.2.2b), a 
region where Geller et al (Geller et al, 2000) could evoke complex visual hallucinations with 
electrical stimulation. The BOLD activations show a discrepant localization, but involvement of 
inferior occipital and temporal areas provides a better electroclinical correlation with the 
complex nature of visual symptoms and persistent interruption of consciousness (Salanova et 
al, 1992; Geller et al, 2000). The two data sets are nevertheless not mutually exclusive. 
The BOLD deactivations are present only in the two patients with the Gastaut type of OLE, but 
their spatial distribution does not overlap. Whether this effect is due to a decreased synaptic 
activity as suggested by Agakhani et al (Agakhani et al, 2004) or to other unknown effect is a 
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matter that cannot be resolved with the present data. The overall concordance of BOLD 
deactivation with the source analysis is no better than for activation, a point already mentioned 
in the literature (Bagshaw et al, 2006). 
We could obtain BOLD activations in 100% of our patients, which is significantly better than the 
results of larger series, where values in the order of 40-60% are mentioned (Al-Asmi et al, 2003; 
Bagshaw et al, 2004) for patients with focal epilepsy. A study in a population with generalized 
idiopathic epilepsy (Aghakahani et al, 2004) improves this value to 93%, and together with our 
results, suggests that the method may be more efficient in idiopathic epilepsies as compared 
with the symptomatic ones. 
Overall, our data show different BOLD activations on the occipital lobes in different syndromes 
of idiopathic OLE. The epileptogenic regions identified by this method show important 
discrepancies with the ones suggested by dipole analysis, in line with data from the literature 
(Lemieux et al, 2001; Bagshaw et al, 2006), but as a possible representation of the 
epileptogenic area, they provide a more satisfactory explanation of the clinical ictal 
manifestations from the literature. The EEG/RMf technique is a powerful method for the study of 
occipital lobe epilepsies and can provide a way to build more detailed models integrating 
clinical, structural, electrical and vascular data. 
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Figure 2.2.1. a) Sample of selected EEG channels demonstrating the interictal spikes in patient 
1 over the posterior right hemisphere (the scale bar represents 1 s of time horizontally and 200 
µvertically) and average spike at right (n=43). Above right, map of electrical potential at the peak 
of an averaged spike (electrodes are green, nose upward; negative potentials are blue and 
positive ones red). b) Moving dipole solution around the peak of an averaged spike outside (red) 
and inside (blue) the scanner, with a measure of dispersion represented in confidence ellipsoids 
(1 SD); c) Raw spikes inside the scanner after artifact correction, with average (n=15) and 
potential map on the scalp (* represents bad channels); d) BOLD regions of significant 
activation (red) and deactivation (blue) represented over the patient high resolution T1 MRI; e) 
Activation regions represented on the inflated white/gray matter interface. The calcarine and 
parietal-occipital sulci are indicated by white and yellow arrows, respectively.  
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Figure 2.2.2. a) Sample of selected EEG channels with bursts of spikes over posterior scalp 
electrodes. Right, average spike (n=19); b) Map of scalp potential around the peak of the 
averaged spike (above), demonstrating the bipolar distribution. Bellow, dipole localization 
around the peak of the spike. c) Raw EEG inside the scanner, with small-amplitude posterior 
spikes. Electrode O1 shows gradient artifacts; d) BOLD activation associated with the spikes, 
mainly over the posterior regions of both hemispheres. No deactivation clusters were detected; 
e) Detailed representation of BOLD activations over inflated cortex, showing distribution over 
lower occipital bilaterally and posterior temporal lobes on the right (scale bars, colors, and 
arrows as in Fig. 2.2.1). 
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Figure 2.2.3. a) Sample of EEG with posterior paroxysms over the posterior electrodes. Right, 
average spike (n=21); Scalp potential map with bipolar distribution at the peak of an average 
spike. Bellow, dipole solution at the spike peak located near the primary visual areas, but with a 
large error ellipsoid associated; c) Raw EEG inside the scanner with posterior spikes; d) BOLD 
activation (red) associated with the spikes, in posterior areas of both hemispheres and in the 
basal ganglia on the right. Deactivation over the frontal lobe is shown in blue; e) Activation 
clusters over the parietal-occipital region. The activation in the lower right frontal lobe results 
from artifactual projection of the basal ganglia activation on the nearest surface (scale bars, 
colors, and arrows as in fig. 2.2.1). 
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2.3. Leal A, Nunes S, Dias A, Vieira JP, Moreira A, Calado E. Analysis of the generators of 
epileptic activity in early-onset childhood begnin occipital lobe epilepsy. Clin Neurophysiol 
2007a; 118(6): 1341-1347. 
 
Abstract 
Objective: The Panayiotopoulos type of idiopathic occipital epilepsy has peculiar and easily 
recognizable ictal symptoms, which are associated with complex and variable spike activity over 
the posterior scalp areas. These characteristics of spikes have prevented localization of the 
particular brain regions originating clinical manifestations. We studied spike activity in this 
epilepsy to determine their brain generators. 
Methods: The EEG of 5 patients (ages 7-9) was recorded, spikes were submitted to blind 
decomposition in independent components (ICs) and those to source analysis (sLORETA), 
revealing the spike generators. Coherence analysis evaluated the dynamics of the components.  
Results: Several ICs were recovered for posterior spikes in contrast to central spikes which 
originated a single one. Coherence analysis supports a model with epileptic activity originating 
near lateral occipital area and spreading to cortical temporal or parietal areas.   
Conclusions: Posterior spikes demonstrate rapid spread of epileptic activity to nearby lobes, 
starting in the lateral occipital area. In contrast, central spikes remain localized in the rolandic 
fissure. 
Significance: Rapid spread of posterior epileptic activity in the Panayitopoulos type of occipital 
lobe epilepsy is responsible for the variable and poorly localized spike EEG. The lateral occipital 
cortex is the primary generator of the epileptic activity. 
 
Introduction 
The Panayiotopoulos type of Idiopathic Occipital Lobe Epilepy (IOLE) has been a focus of 
research in epilepsy in recent years (Panayotopoulos, 2002) but major issues still remain 
unsolved such as the particular brain area originating the seizure clinical symptoms and also the 
significance of the variability of posterior spike activity (Ohtsu et al, 2003). In this respect there 
is a sharp contrast with the syndrome of Idiopathic Epilepsy with Rolandic Spikes, which is 
associated with a consistent neurophysiological picture, pointing to the brain area of seizure 
onset in the rolandic fissure (Wolff et al, 2005). 
The source analysis methods in EEG (Yoshinaga et al, 1999 and 2006) and MEG (Kanazawa et 
al, 2006), using the equivalent current dipole, suggest origin of the epileptic activity near the 
calcarine sulcus and parieto-occipital areas. These results do not provide a good explanation to 
the typical ictal clinical manifestations and also fail to explain why the visual symptoms are so 
rare in the syndrome.   
In this work we perform a neurophysiological study of posterior EEG spikes in cases of the 
Payionotopoulos type of IOLE and a comparison is made with rolandic spikes also present in 
some of these patients. Our main goal is to determine the usefulness of the interictal EEG 
analysis to highlight the localization of the primary epileptic foci in this syndrome. 
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Methods and subjects 
Five patients with the diagnosis of early onset IOLE (Panayiotopoulos type) were selected from 
the epilepsy outpatient clinic of Hospital Dona Estefânia. All demonstrated clinical (Table 2.3.1) 
and neurophysiological (Fig. 2.3.1) data compatible with the ILAE criteria for the diagnosis 
(Covanis et al, 2005). 
Patients were studied in two moments, with a temporal interval of 3 years. In the early study a 
special cap with 30 electrodes (10-20 plus Fpz, P9/10, PO3/4, PO7/8, Oz, O9/10 and POz) was used 
to perform a sleep study with one-hour duration. For the repeated study a 24-hours ambulatory 
EEG was performed with 30 electrodes individually glued to the scalp (10-20 plus F9/10, T9/10, 
P9/10, PO3/4, O9/10 and Oz). The electrodes were photographed in several planes and their 
position in the scalp reproduced in a 3D rendering of a standard average brain. The sampling 
rate for both recordings was 256 Hz with high and low-pass filters at 1 and 70 Hz respectively. 
The EEG recordings were visually reviewed by a clinical neurophysiologist (AL) and the peak of 
individual spikes marked. Because some of the patients had spikes with different topographies, 
we selected a minimum of 40 spikes (average of 91±26) for each spike type. This proved 
possible because all patients had abundant spikes during the sleep period. 
The EEG spikes with no artifacts associated were cut in epochs (-100 to 300 ms) around the 
voltage peak, using the Scan 4.3.1 (Neuroscan, El Paso) software. Data was exported to the 
EEGLAB 4.515 package (Delorme and Makeig, 2004) for decomposition of the raw spike 
groups in independent components, using the Infomax algorithm (Bell and Sjenowsky, 1995) 
and methods detailed elsewhere (Leal et al, 2006). The spatial components with consistent 
activation at the time of spike peak were selected and submitted to cross-coherence analysis in 
order to obtain data on their temporal dynamics. 
The Independent Component Analysis (ICA) components were sorted by time of activation, 
providing information on the spreading patterns of the spike activity, and later submitted to 
source analysis to improve localization of the cortical areas involved. 
Source analysis was done using the sLORETA software package (Pascual-Marqui, 2002) 
available at http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm. The maximum of the 
sLORETA statistical score obtained at a given moment was taken as the source of the particular 
component, and because the spatial components recovered from the ICA decomposition are 
fixed, the source localization also remains fixed along time. 
 
Results 
Most patients (3/5) demonstrated two independent spike topographies, with maximum over 
posterior and central areas (Figs 2.3.1c,d,e). The latter demonstrated the typical features of 
rolandic spikes, with maximum amplitude in the central areas and a transverse dipolar type 
scalp potential, positive over the frontal areas. The posterior spikes had the features described 
in the literature for the Panayiotopoulos type of occipital lobe epilepsy (Ohtsu et al, 2003), (Fig. 
2.3.1). 
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Because we were interested in evaluating the temporal stability of these interictal patterns, two 
studies were performed with an average separation of 3 years. When a comparison was made 
between the two evaluations, we found that for the three patients with central spikes in the initial 
study, those were also present in the second one and had a similar topography. The posterior 
spikes persisted in 3 out of 5 patients and disappeared in the remaining ones, despite the fact 
that a long recording session (24h) was done in the second evaluation. In two out of three 
patients the topography of these spikes remained very similar in the two studies, but there was 
a shift toward the parietal lobes in the remaining one. 
The averaged spikes demonstrated a dipolar type of scalp potential, which produced a clear 
focal maximum in the sLORETA source analysis method (Fig. 2.3.1). 
Because we are interested in evaluating the dynamics of the interictal activity, the independent 
spikes of each topographic group were submitted to decomposition in independent components 
instead of averaging, reconstructing the signal as a linear combination of fixed spatial and 
variable temporal components (Makeig et al, 2004). The spatial components provide information 
on the localization of brain generators, while the temporal components provide the temporal 
sequence of activation. Furthermore the number of ICs with consistent activation time-locked to 
the spike peak provides information on the minimum number of intracranial generators to 
include in the model (Marco-Pallarés et al, 2005). 
The posterior spikes produced several ICs (Fig. 2.3.2, 2.3.3 and 2.3.4), with distinct spatial and 
temporal characteristics. The analysis of the relative time of activation of their generators, 
suggests that in these spikes different brain areas contribute to the potential in the scalp, and 
the consistent temporal shifts between them (Figs 2.3.2 and 2.3.3) further suggests that this is 
due to spread of the epileptic activity to nearby areas, from a primary source in the polar or 
lateral occipital lobes (Fig 2.3.4).  
The central spikes produced only one or two close-by ICs for each patient, with a single 
maximum (Fig. 2.3.5). This suggests that no significant spread of epileptic activity takes place in 
these paroxysms. They also remained stable throughout time in three out of three patients. 
 
Discussion 
The analysis of the spatial and temporal dynamics of occipital and rolandic spikes in the 
Panayiotopoulos type of occipital lobe epilepsy reveals an important distinction: while rolandic 
spikes decompose in a single component with maximum over the central areas, suggesting a 
focal area of onset with little spread, the occipital spikes produce several ICs with distinct spatial 
distribution and times of activation, supporting the existence of significant spread of epileptic 
activity to neighbor areas from a point of origin in the superficial posterior and lateral occipital 
lobe. 
The general characteristics of the clinical manifestations in our patients are typical of the ones 
described for the Panayiotopoulos type of childhood occipital lobe epilepsy (Panayiotopoulos, 
1989), with autonomic ictal manifestations associated with decreased consciousness and eye 
deviation. The seizures lasted several minutes and were rare events (Table 2.3.1), which are 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
39 
 
also common features of the syndrome. Patient 5 had cerebral palsy but exhibited long lasting 
seizures with autonomic manifestations and decreased reactivity which fulfils the criteria for the 
syndrome, despite the static neurological deficit.     
The interictal EEGs demonstrated the typical high-amplitude posterior spikes, which in 3 out of 
5 cases was accompanied by independent rolandic spikes. The coexistence of these spike 
types was reported by Panayiotopoulos (2002) and has in fact motivated the suggestion that a 
continuum might exist between this syndrome and the Benign Epilepsy with Rolandic Spikes. In 
two of our patients the posterior spikes disappeared in the second study, while rolandic spikes 
persisted. This supports an age-dependent expression of the spike activity, with posterior spikes 
disappearing before the central ones. 
The decomposition in independent components of the EEG time series is a proven and robust 
procedure to decrease the mixing of different brain generators in the scalp electrodes due to 
volume conductor effects (Makeig et al, 2004). In our patients this analysis suggests that for 
rolandic and posterior spikes, despite a similar surface morphology, very different number of 
brain generators are involved; while in the first case a single and focal generator explains well 
the surface morphology (Figs 2.3.3b and 2.3.5), for the latter spike type several focal generators 
are required (Figs 2.3.2, 2.3.3a and 2.3.4), suggesting the existence of significant volume 
conductor mixing in the scalp record of these spikes. The detailed analysis of the time of onset 
of the ICs demonstrates consistent time lags, which are more compatible with epileptic activity 
spread between the different areas than with a simultaneous onset. From an area of onset in 
the posterior or superficial occipital lobes different patterns of spreading can be defined and this 
may be related with different clinical manifestations. The reduced number of our patients 
precludes a robust analysis of this possibility, but several trends are apparent such as: 
persistent existence of interruption of consciousness in patients with temporal lobe spread 
(patients 1, 4 and 5); vomiting in patients with parietal lobe spread (patients 2, 3, 4 and 5); eye 
deviation in patients with lateral occipital lobe foci (patients 1, 3 and 4). 
The source analysis method used to obtain the spatial localization of the independent 
generators belongs to the class of linear methods (Pascual-Marqui, 1999), where a large 
number of fixed dipoles contribute to the overall solution. Such methods are not so sensitive to 
errors produced by a wrong choice of the number of intracranial generators (Pascual-Marqui, 
1999) and can incorporate easily anatomical constrains, which is a major advantage as 
compared to equivalent current dipole models. In our study the method was used to give an 
anatomical context to the spatial independent components, making more understandable their 
intracranial dynamics.  
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Table 2.3.1- Clinical data      
    Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 
Age of onset (Y) 6 3 6 2 4 
Development Normal Normal Normal Normal Cerebral palsy 
Ictal symptoms      
 Vomiting No yes Yes Yes Yes 
 Eye deviation Yes No Yes Yes No 
 Decreased reactivity Yes No No Yes Yes 
 Other  
Nistagmus, 
sialorrea Pallor  Decreased tonus 
Seizure duration   >20 min 5-10 min >15 min >20 min 
Number of seizures 1 4 2 4 3 
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Figure 2.3.1. Topographies of interictal spikes for the five patients. Above, sub-sample of the 
averaged spikes, demonstrating multifocal activity for patients 3, 4 and 5, with a combination of 
rolandic and posterior spikes. Bellow, current source distribution at spike peak using the 
sLORETA algorithm constrained to the cortical volume, demonstrating single maxima of the 
statistical score in the more superficial cortical areas. 
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Table 2.3.2 - Neurophysiological 
data     
    Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 
Early study      
 Age 7 7 8 9 9 
 Background Normal Normal Normal Normal Normal 
 Interictal 
Left occipital 
spikes Parietal spikes Right central and Right central and  Left central and 
    
 Left occipital 
spikes occipital spikes occipital spikes 
 
Early 
generator Left occipital Parietal-occipital Left occipital Right occipital Left occipital 
 Spread areas Left temporal  Left temporal and Right parietal Left parietal 
    parietal   
Second study      
 Age 10 10 11 11 12 
 Background Normal Normal Normal Normal Normal 
 Interictal 
Left occipital 
spikes Parietal spikes 
Right central 
spikes Right central and 
Left central 
spikes 
     parietal spikes  
 
Early 
generator Left occipital Parietal-occipital  Right parietal  
 Spread areas Left temporal   Right central  
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Figure 2.3.2. a) Three ICs with activation time-locked with the spike peak (t=0) for patient 1. 
Components were ordered from the one with earliest activation (above) to the one activating 
last (bellow), time in seconds. Spatial components at left. b) Simultaneous plot of original 
averaged spike (bleu) and the spike reconstructed from the 3 ICs in the left (red). The linear 
combination of the three ICs recovers most of the spike activity. c) Statistical score at the spike 
peak for the ICs, using the sLORETA algorithm, demonstrates maxima over the occipital and 
temporal lobes. d) Cross-coherence between components 1-2, 2-3 and 1-3, suggests a time lag 
between the components, defining a temporal spread from occipital (ICs 1 and 2) to temporal 
lobe (IC 3). 
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Figure 2.3.3. a) ICs time-locked with the spike peak for patient 4, ordered by sequential time of 
activation. b) Statistical score maxima for the different ICs using the sLORETA solution at spike 
peak. c) Cross-coherence between components 1-3 and 1-2. d) IC for the central spike, with 
sLORETA solution compatible with a rolandic focus. 
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Figure 2.3.4. Propagation patterns for the posterior spikes (patients 1 to 5, from above-down), 
demonstrating early components (1) in posterior or lateral occipital cortex, spreading to the 
temporal lobe (patients 1 and 3) or to the parietal lobe (patients 3,4 and 5). Results for the first 
(squares) and second study (circles), demonstrate overlap of results (patients 1 and 2), 
discrepant results (patient 4) or disappearance of posterior spikes (patients 3 and 5).  
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Figure 2.3.5. Propagation patterns and temporal evolution of central spike generators for 
patients 3 (above), 4 (middle) and 5 (bellow). No significant spread is apparent, and the 
localization of the generators remained stable in the three-year interval of the two records 
(squares, first study; circles, second study). 
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2.4. Leal A, Ferreira JC, Dias AI, Calado E. Origin of frontal lobe spikes in the early onset 
benign occipital lobe epilepsy (Panayiotopoulos syndrome). Clin Neurophysiol 2008b; 119(9): 
1985-1991. 
 
Abstract 
Objective: Early onset benign occipital lobe epilepsy (Panayiotopoulos syndrome [PS]) is a 
common and easily recognizable epilepsy. Interictal EEG spike activity is often multifocal but 
most frequently localized in the occipital lobes. The origin and clinical significance of the extra-
occipital spikes remain poorly understood.  
Methods: Three patients with the PS and interictal EEG spikes with frontal lobe topography 
were studied using high-resolution EEG. Independent component analysis (ICA) was used to 
decompose the spikes in components with distinct temporal dynamics. The components were 
mapped in the scalp with a spline-laplacian algorithm.  
Results: The change in scalp potential topography from spike onset to peak, suggests the 
contribution of several intracranial generators, with different kinetics of activation and significant 
overlap. ICA was able to separate the major contributors to frontal spikes and consistently 
revealed an early activating group of components over the occipital areas in all the patients. The 
local origin of these early potentials was established by the spline-laplacian montage.  
Conclusions: Frontal spikes in PS are consistently associated with early and unilateral occipital 
lobe activation, suggesting a postero-anterior spike propagation. 
Significance: Frontal spikes in the PS represent a secondary activation triggered by occipital 
interictal discharges and do not represent an independent focus. 
 
Introduction 
The early onset benign idiopathic occipital lobe epilepsy, presently reported as Panayiotopoulos 
syndrome (PS), has generated a lot of interest in recent years (Lada et al, 2003; Carabalo et al, 
2007; Koutroumanidis, 2007). Despite the relatively easy recognition of clinical symptoms 
(Ferrie et al, 2006), the highly variable characteristics of the interictal EEG activity have 
prevented the determination of a consistent localization for the epileptic focus (Panayiotopoulos, 
2002).  Such variability has even suggested to some researchers that a generalized hyper-
excitability might be present (reviewed in Koutroumanidis, 2007). This theory fails to explain 
why there are consistent clinical manifestations of the seizures along time in the same patient 
and among different subjects. 
An alternative view suggests that the variable EEG topographies of the spikes are due to fast 
spread of epileptic activity between distant cortical areas (Leal et al, 2007a,b) with the epileptic 
activity originating in the posterior parts of the brain. In order to test the latter hypothesis we 
decided to study patients with the typical clinical picture but with predominant frontal lobe spikes 
in the interictal EEG. The demonstration of an occipital origin for this extreme topography might 
be a good test of the theory postulating a common posterior onset of the epileptic discharges. 
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Patients and Methods 
Three patients with the diagnosis of Panayiotopoulos syndrome and predominant or exclusive 
frontal lobe spikes in the EEG were selected from the pool of patients evaluated at our 
department with this syndrome. All the patients had a history of seizures with prominent 
autonomic manifestations (Table 2.4.1) and expressed the major features of the syndrome as 
set forth in a recent consensus view (Ferrie et al, 2006). 
We performed a 2-h long EEG recording, including a sleep period, using a 64-channel montage 
in an electrode cap (EasyCap, Herrsching-Breitbrunn Germany) with the 10-10 positions (Fig. 
2.4.2). The electrodes were made of sintered AgCl and were connected to an EEG amplifier 
(Micromed, Italy). The sampling rate was 512 Hz, and we used high- and low-pass filters at 0.5 
and 70 Hz, respectively. The EEG was imported to a software environment which allowed 
offline high-pass filtering at 1 Hz, detection of frontal spikes, segmentation in epochs of 1 s 
around the spike peaks and visual inspection to remove the ones with artifacts (Scan 4.3, 
Neuroscan El Paso, USA).  
The evaluation of potential maps of the average frontal spikes at fixed intervals before the spike 
peak revealed a pattern of early negativity over occipital areas which moved to the frontal lobes 
when approaching the spike maximum (Fig. 2.4.1). The instant in time when this change took 
place was determined for each patient and later used to separate early onset activity from the 
late onset one. The processed individual spikes were imported into the EEGLAB software 
(Delorme and Makeig, 2004) where decomposition in independent components was performed 
using the Infomax algorithm (Bell and Sejnowski, 1995). We selected the independent 
components (ICs) with a clear single maximum around the raw spike peak, classifying them in 
either early components if they had a maximum before the instant in time where the shift of 
topography from occipital to frontal lobes occurred, or late components with a maximum after 
that instant. The EEG recovered from these two groups of components consistently separated 
the frontal and occipital contribution to the recorded spikes (Figs 2.4.2a, 2.4.3a and 2.4.4a). 
To better establish the localization of origin of the two components of the average spike we 
increased the spatial resolution of our recordings using a spline-laplacian montage (Babiloni et 
al, 1996) as implemented in the software ASA 2.2 (ANT, Enschede, The Netherlands). The 
scalp surface was obtained from an age-matched normal subject MRI and the standard 
electrode coordinates of the cap were fitted to the reconstructed scalp in order to match the 
configuration used in our patients. 
The ICA decomposition was repeated in a sub-sample of 19 EEG channels, corresponding to 
the electrodes of the 10-20 system, to determine whether this analysis method is able to 
reproduce the same results of the full dataset. 
 
Results 
The preliminary analysis of the average frontal spikes revealed a significant change in scalp 
potential topography from spike onset to spike peak (Fig. 2.4.1). A consistent pattern of early 
negativity at posterior electrodes was followed by a progressive shift towards the frontal areas. 
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Such behaviour suggested to us the existence of multiple intracranial generators with different 
temporal dynamics. 
The decomposition of the spikes using ICA, consistently separated the contribution of frontal 
and non-frontal ICs (Figs 2.4.2b, 2.4.3b and 2.4.4b). The temporal activation of the two groups 
of ICs demonstrated a pattern of early activation over the posterior areas of the scalp, and a 
later frontal involvement (Figs 2.4.2a, 2.4.3a and 2.4.4a) in the three patients studied. 
The spline-laplacian improved the spatial resolution of the scalp EEG and demonstrated a 
complex pattern of current sources and sinks over one occipital lobe in three patients (Figs 
2.4.2b, 2.4.3b and 2.4.4b, above) and also over the posterior temporal lobe in one (Fig. 2.4.2b, 
above), for the early activity. This component could be clearly identified in most single spikes for 
all patients (Figs 2.4.2d, 2.4.3d and 2.4.4d), which suggests that the large majority, if not all, 
frontal discharges originate in the posterior brain areas. The late activity produced an even 
more complex, bilateral and widespread, configuration of current sources and sinks over frontal 
and anterior temporal scalp areas (Figs 2.4.2b, 2.4.3b and 2.4.4b, below). 
The repetition of the ICA analysis with the 19 electrodes of the 10-20 system produced similar 
early-onset components over the posterior scalp areas, with a similar scalp topography (Figs 
2.4.2c, 2.4.3c and 2.4.4c left). The comparison of these components with the average spikes 
(Figs 2.4.2c, 2.4.3c and 2.4.4c, right) demonstrates that they explain well the early negative 
component seen in the average spikes of patients 2 and 3, but they are very small and hard to 
recognize in patient 1 (Fig. 2.4.2c, right). 
A dynamic model with onset of spike activity over one occipital lobe followed by widespread and 
bilateral activity over frontal and anterior temporal areas explains well the temporal changes in 
scalp potential for the three patients and suggests a posterior origin for the interictal activity. 
 
Discussion 
The main conclusion from this study is that in 3 patients with the PS the epileptic interictal 
spikes over the frontal lobes are in fact propagated events from an earlier epileptic discharge at 
posterior localizations within the occipital lobes. 
The absence of a consistent EEG topography for the high amplitude spikes seen in PS has led 
to speculation that this form of epilepsy might not be related to a particular onset zone, but to a 
general brain hyper-excitability (reviewed in Koutroumanidis, 2007). Despite this suggestion, 
very few detailed EEG studies have been made in these patients, and most authors used only 
the 10-20 map of electrodes to sample the scalp potential spikes (Ohtsu et al, 2003; Lada et al, 
2003). Studies using a higher electrode density (Leal et al, 2007a) and a more careful 
evaluation of the temporal spike dynamics (Leal et al, 2007b) suggest that significant spatial 
spread of the potential over the scalp takes place from spike onset to spike peak, with the 
posterior brain areas consistently being the earliest to activate. These studies imply the 
possibility that the multifocal spike activity described in the scalp might be due to fast 
propagation of the epileptic activity between different brain areas, from a common area of onset. 
The severe spatial under-sampling of the 19 electrodes of the standard 10-20 system, 
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associated with simple methods of analysis, did not allow a clear distinction between the two 
possibilities. 
The significant variation in scalp topography of the scalp potential at different moments from 
spike onset till spike peak in our data (Fig. 2.4.1) supports a differential temporal involvement of 
distinct brain areas. The concomitant activation of several generators is expected to be picked 
up by the surface electrodes, producing volume conductor mixing, which makes the visual 
analysis of the raw EEG a difficult one. 
The techniques of blind source separation based on ICA are powerful tools in the temporal 
dynamic analysis of such type of signals, where there is a linear mix of the potentials generated 
by several generators (Makeig et al, 2004). In this study, the ICA algorithm was very effective in 
separating the dominant frontal potential from an early activating one over the occipital brain 
areas (Figs 2.4.2a, 2.4.3a and 2.4.4a), suggesting that these two components explain most of 
the scalp potential complexity of the spike. While this propagation could be suspected from the 
raw visual analysis of the spikes in two patients (Figs 2.4.3 and 2.4.4), in the remaining patient 
the small amplitude of the early component prevents such recognition.  
The inference of which brain areas are involved in the generation of particular potential 
components in the scalp is a difficult one due to the uncertainties of the inverse problem in EEG 
(Plummer et al, 2007). Because our aim was to establish the dynamic relation of the occipital 
versus frontal activity, we decided to use a standard method to improve the resolution of the 
EEG using a spline-laplacian montage. This method does not recover the intracranial 
generators of the scalp potential, but its high selectivity to sources near the recording electrodes 
(Nunez and Pilgreen, 1991) suggests a contribution of the underlying cortex when focal 
configurations of sources and sinks are found in the scalp. The spline-laplacian maps of the ICA 
separated components implicate the occipital and frontal cortex in the production of the epileptic 
spikes in the three patients studied, with the occipital activity leading consistently the frontal 
one. This consistent relative timing of the discharges strongly suggests that the unknown 
generators of the epileptic spikes are localized over posterior brain areas, justifying the early 
occipital activation.  
The previous effect could also be obtained with the 19-electrode sampling, suggesting that 
better methods of analysis of conventional EEG recordings can also support the main 
conclusions of our study. 
Our conclusion regarding the consistent secondary contribution of frontal lobes to spike 
generation is in contrast with the study of Saitoh et al (2006) in which they found an 
independent MEG frontal lobe dipole in an atypical case of PS. The reportedly low goodness of 
fit (0.65-0.70) suggests that the choice of a single dipole solution was inappropriate and most 
likely a more complex magnetic field was present than can be explained by such a simple 
model. The search for additional generators that could provide a better fit to the recorded data 
was not done. 
Overall our data demonstrate that the EEG frontal spikes in patients with PS are consistently 
preceded by occipital lobe activation, suggesting that they are propagated events from earlier 
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discharges originated in the posterior part of the brain, and supporting the dynamical model 
postulating an occipital onset of epileptic activity in PS. 
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Figure 2.4.1. Maps of scalp potential at several moments in time, from spike onset till spike 
peak. The maps show significant changes in this temporal interval, with a pattern of the 
maximum negativity shifting from the posterior areas to the frontal lobes. Each row represents a 
patient (1 to 3 from top down). The mean global field power is in the left and the time point of 
each map is represented in doted lines. Temporal scale of the graph is in milliseconds; potential 
scale is 6.3, 10.0 and 25.2 µV/step for patients 1, 2 and 3; vertical scale is 10 µV. 
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Table 2.4.1 - Clinical and neurophysiological data  
    Patient 1 Patient 2 Patient 3 
Age 6 y 8 y 6 y 
Sex M M M 
Cog. develop. Normal Normal Normal 
Seizures    
 Age of onset 3 y 6 y 5 y 
 Nausea Yes No Yes 
 Vomiting Yes No Yes 
 Urinary incontinence Yes No No 
 Eye deviation Yes Yes Yes 
 Reduced responsiveness Yes Yes Yes 
 Pallor No Yes Yes 
 Loss of muscle tone Yes Yes No 
 Duration > 15 min > 10 min > 15 min 
 Seizure freq. Single event Single event Single event 
MRI Normal Normal  
EEG Frontal lobe Frontal lobe Frontal lobe 
   spikes only  spikes   spikes 
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Figure 2.4.2. (a) Average spike for patient 1 (left), with a clear maximum over the frontal lobes. 
The two components produced by the ICA procedure demonstrate an early posterior 
component (middle) and a late frontal one (right). Vertical scale is 12 µV for the middle trace 
and 250 µV for the other traces. (b) Potential maps and laplacians of the early (above) and late 
(below) components. For each component the potential map on the plane and the spline-
laplacian map on the scalp surface, at spike peak, are represented. A localized configuration of 
sources and sinks is apparent over the right posterior area in association with the early 
component, while a more widespread and bilateral configuration is associated with the late 
component. (c) Early component recovered with the ICA procedure from a sub-sample of 19-
channels of the original record. The configuration is similar to the one recovered from the 
original 64-channel record (b, above). Superposition of the original potential and the one 
associated with the early component (right). The early component contributes very little to the 
overall potential seen at the posterior scalp electrodes. Vertical scale 30 µV, horizontal scale 20 
ms. (d) Color representation of the potential of the early component for every spike included in 
the average. A consistent brief negativity is apparent -30 ms before spike peak in almost every 
spike (blue vertical strip). Left scale is the number of the spike, right scale is µV.   
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Figure 2.4.3. (a) The average spike for patient 2 (left) reveals a negative spike over the 
posterior scalp areas just before the frontal spikes, with a partial overlap. The ICA 
decomposition separates the two components (middle and right). Vertical scale 100 µV. (b) 
Potential and spline-laplacian maps of the early (above) and late (below) components, 
demonstrating a focal posterior activation preceding the more widespread frontal one. (c) The 
ICA procedure in a sample of 19-channels recovers the early component (left). The recovered 
early component explains most of the early component of the raw potential. Vertical scale 30 
µV, horizontal scale 20 ms. (d) The negative potential of the early component is present in most 
spikes. Scales as for Fig. 2.4.2. 
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Figure 2.4.4. (a) Average spike for patient 3 (left), with the ICA decomposed early component 
(middle) and the late component (right). Vertical scale is 250 µV for the left and middle traces, 
while for the middle trace it is 20 µV. (b) Potential and spline-laplacian maps at the spike peak 
for the early (above) and late components (below). An early and posterior area of onset is 
associated with a late widespread frontal activation. (c) Early component recovered from the 19-
channel EEG sample. The early component explains most of the negativity seen in the scalp 
posterior electrodes. Vertical scale 30 µV, horizontal scale 20 ms. (d) A brief early component 
negativity can be seen in most spikes preceding the spike peak. Scales as in Fig. 2.4.2. 
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2.5. Leal A, Nunes S, Martins A, Forjaz Secca M, Jordão C. Brain Mapping of epileptic activity 
in a case of Idiopathic Occipital Lobe Epilepsy (Panayiotopoulos syndrome). Epilepsia 2007b; 
48(6): 1179-1183. 
 
Abstract 
The Panayotopoulos type of occipital lobe epilepsy has generated great interest, but the 
particular brain areas involved in the peculiar seizure manifestations have not been established. 
We studied a patient with the syndrome, using high-resolution EEG and simultaneous EEG and 
functional magnetic resonance imaging (fMRI). Resolution of the scalp EEG was improved 
using a realistic spline Laplacian algorithm, and produced a complex distribution of current sinks 
and sources over the occipital lobe. The spike–related blood oxygen level dependent (BOLD) 
effect was multifocal, with clusters in lateral and inferior occipital lobe and lateral and anterior 
temporal lobe.  
We also performed regional dipole seeding in BOLD clusters to determine their relative 
contribution to generation of scalp spikes. 
The integrated model of the neurophysiologic and vascular data strongly suggests that the 
epileptic activity originates in the lateral occipital area, spreading to the occipital pole and lateral 
temporal lobe.  
 
Introduction 
The most common syndrome of idiopathic occipital lobe epilepsy (IOLE) has been a source of 
puzzling questions since its description by Panayiotopoulos (Panayiotopoulos, 1989). The 
cardinal ictal manifestations of vomiting, eye deviation and long periods of interruption of 
consciousness, with rare visual symptoms, constitutes an unusual constellation of symptoms 
and up to now very little is known about the particular cortical structures involved in their 
generation. 
The consistent clinical picture in affected children suggests that a common epileptic network is 
at work and persists with little change throughout the evolution of the syndrome. The variability 
of the EEG (Panayiotopoulos, 2002) has resulted in a failure to provide consistent generators in 
this type of epilepsy. Attempts to improve its localizing capabilities, and also of MEG, using 
source analysis (Yoshinaga et al, 2005; Kanazawa et al, 2005; Yoshinaga et al, 2006) have 
resulted in localizations which do not explain the peculiar clinical symptoms and the lack of 
visual manifestations.  
In this study we perform detailed brain mapping of a single case and demonstrate how this data 
provides a better integration of clinical and EEG data. 
 
Case report 
A healthy 11-year old boy, with no previous history of seizures, was found with the eyes turned 
to one side, not responding to verbal stimulation and a pale face, while resting in the beach. He 
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recovered normal behavior after a few minutes. Hours later, while resting in a sofa, he repeated 
the symptoms, which also lasted for a few minutes. Medical evaluation at an emergency 
department half an hour later failed to find any abnormality and he was discharged with an EEG 
booked for the next day. 
The EEG revealed almost continuous spike activity over the left posterior areas, and he was 
admitted to the Intensive Care Unit for vigilance, despite the fact that he remained alert and with 
a normal neurological status. No evidence supporting persisting clinical seizures was found. 
An ambulatory device using the full 10-20 system was used to monitor continuously the EEG 
(24h). The prominent left posterior spike activity with the eyes closed was confirmed, as well as 
its striking decrease while recording with the eyes open, which led to he diagnosis of IOLE. The 
patient was medicated with Sodium Valproate and remains seizure free after 6 months. 
 
Methods 
To improve the spatial mapping of the epileptic activity on the scalp a high-resolution (64 
electrodes), 2 hour-long recording, was done using a special AgCl electrode cap (Fig. 2.5.1b), a 
256 Hz sampling rate and filters between 0.5-70Hz. The electrode positions in the scalp were 
determined using an electromagnetic digitizer (Polhemus, Colchester). A realistic spline 
Laplacian montage as implemented in the ASA 2.2 software package (ANT, Enschede) was 
applied. 
The patient was later submitted to a 1-hour session of simultaneous EEG/fMRI recording, using 
a special EEG cap (Fig. 2.5.1d) designed for passive recording inside the scanner (Maglink 
system from Neuroscan, El Paso). A 37 channels EEG DC recording with a sampling rate of 
1000 Hz and low pass filter at 70Hz was used. The echo planar imaging (EPI) artifacts were 
removed with the Scan 4.3.3 software package (Neuroscan, El Paso), allowing clear detection 
of spike onset (Fig. 2.5.1d). Four blocks of 100 brain volumes, each one made of 16 EPI images 
(in plane resolution 3.75 mm and slice thickness of 7 mm, no spacing; echo time 50 ms; flip 
angle of 90º), were obtained with a TR = 3 s, corresponding to periods of 5 minutes of 
simultaneous EEG/fMRI. A head 3D T1 spoiled gradient recalled gradient (SPGR) sequence 
was also acquired (in plane resolution of 0.94 mm and slice thickness of 1.3 mm for a field of 
view of 24x24 cm). Images were obtained in a 1.5T GE CVi/NVi scanner. 
EPI sequences were corrected for slice acquisition time and movement, and smoothed with a 
gaussian kernel of full-width at half-maximum of 5 mm, using the FEAT 5.63 software package 
(Smith et al, 2005). The initial two sequences were obtained while the patient remained with the 
eyes closed, but in the last two the patient alternated periods of 30 seconds with eyes open and 
closed (Fig. 2.5.2a). EPI volumes were then submitted to independent component analysis 
(ICA) using the infomax algorithm (Bell and Sejnowski, 1995) as implemented in the GIFT 1.3b 
package (available at http://icatb.sourceforge.net/). The independent components (IC) were 
then submitted to temporal sorting by the multiple regression coefficients obtained by adjusting 
their time courses to a regressor constructed by the time of occurrence of the spikes convolved 
with a standard gamma hemodynamic response function (Fig. 2.5.2a) obtained from visual 
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evoked potentials (Huettel et al, 2004). The components with the highest covariance with the 
previous regressor were selected for further analysis (Fig. 2.5.2b), and images were 
thresholded with a Z score of 2.3. The blood oxygen level dependent (BOLD) images were 
registered to the 3D T1 sequence using FLIRT 5.0 (Jenkinson et al, 2002). 
Determination of the relative contribution of the BOLD activation areas was done by seeding 
regional dipoles in the center of the BOLD clusters and determining the temporal contribution of 
each source to the average spike in the scalp, using a three shell spherical volume conductor 
model.  
 
Results 
The long-term EEG demonstrated a single and stable topography of the spike activity over the 
left occipital lobe, a feature confirmed with the high-density recording (Figs 2.5.1a,b). This 
topography at spike peak was dipolar (Fig. 2.5.1b) but the use of a realistic spline Laplacian 
reference improved the spatial resolution and demonstrated a more complex configuration of 
sources and sinks of current over the left occipital lobe, suggesting that multiple cortical 
generators are involved in spike production. Also, because of the well known selectivity of the 
laplacian to superficial sources (Nunez et al, 1994), this result supports involvement of the more 
superficial occipital cortex in epileptic activity. 
The spikes recorded inside the scanner demonstrated strong modulation with opening and 
closing of the eyes (Fig. 2.5.1d), allowing creation of a baseline (eyes open) condition and an 
activated state (eyes closed). The absence of baseline in the two sequences acquired with the 
eyes continuously closed prevented detection of significant BOLD effect. 
The ICA procedure used did not require any information on the time of occurrence of the spikes 
or the opening and closing of the eyes, but recovered three components (out of more than 50) 
whose activation exhibited strong temporal correlation with those two regressors of interest 
(Figs 2.5.2a,b). The component more clearly time-locked to the opening and closing of the eyes 
corresponded to activation of the primary visual areas (Fig. 2.5.2c) and reflects the normal 
activation of the visual pathway. The other two components showed consistent activation with 
the eyes closed and are time-locked to the occurrence of spikes, expressing the BOLD 
activation due to these pathological events (Fig. 2.5.2c). The remaining components either 
expressed known artifacts or did not show a compatible modulation of the temporal activation. 
One of the selected components expressed a maximum at the left occipital pole and two 
secondary ones at both temporal poles (Fig. 2.5.2c, middle). The other produced BOLD 
activation of the left temporal-occipital junction, the lateral left temporal lobe and also in the right 
frontal lobe (Fig. 2.5.2c, bellow). Overall a widespread, spike induced, BOLD activation of the 
left occipital and temporal lobes is suggested, supporting either a diffuse epileptogenic area or 
significant spread of the interictal activity. 
There is spatial overlap of BOLD cortical activation with the Laplacian mapping for the posterior 
occipital regions (Figs 2.5.3a,b), but at frontal and more anterior temporal areas no scalp 
electrical activity can be demonstrated in the Laplacian montage (Figs 2.5.1c and 2.5.3a). The 
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average reference montage does not show significant electric activity at these areas either (Fig. 
2.5.1b). 
The analysis of the seeded dipole activation curves suggests that the lateral and inferior 
occipital area originate the epileptic activity, which later spreads to the occipital pole and 
temporal lobe (Fig. 2.5.3c). 
 
Discussion 
The normal neurological status as well as the lack of any abnormality in the brain MRI supports 
the diagnosis of idiopathic epilepsy, which is also supported by the EEG demonstration of 
abundant and high amplitude posterior spike activity. 
The ictal manifestations of tonic deviation of the eyes, decreased consciousness and pallor are 
common features in the Panayotopoulos type of IOLE, which associates autonomic 
manifestations with eye movement and consciousness disturbances (Ferrie et al, 2006). The 
absence of prominent autonomic manifestations, such as vomiting, is atypical but does not 
exclude the syndromic diagnosis (Ferrie et al, 2006). The alternative diagnosis of Gastaut type 
of IOLE seems unlikely because the usual ictal visual manifestations and preservation of 
consciousness in this syndrome are absent in our patient. 
Most studies using source analysis to localize spike generators in this syndrome, either using 
EEG (Yoshinaga et al, 2006) or MEG (Kanazawa et al, 2005), have used such a dipolar 
distribution of the scalp potential to postulate a single dipole generator which they located near 
the calcarine sulcus and the parietal-occipital sulcus. These results suggesting an epileptogenic 
area near the visual cortex are not compatible with the rarity of visual symptoms and are also 
not compatible with our results, which show a complex distribution of sources and sinks of 
current over the left occipital lobe. The spatial filtering properties of the laplacian, which strongly 
favor superficial cortical sources (Nunez et al, 1994), further suggest that in our patient the 
epileptogenic area is extended and not focal, involving the pole and superficial lateral occipital 
cortex. 
The lack of data on the characteristics of the BOLD response (Duann et al, 2002) in normal and 
epileptic tissue, which makes it difficult to choose the right parameters for a conventional model-
based processing of the fMRI data, motivated us to use a data-driven approach which in 
previous studies produced results similar to the ones of the model-driven method (Nybakken et 
al, 2002; Quigley et al, 2002), but does not require apriori knowledge of model parameters. This 
approach seems particularly useful in the detection of the BOLD effect of interictal spikes, as 
those events are sometimes difficult to detect, resulting in decreased sensitivity of model-driven 
methods (Liston et al, 2006).   
The occipital BOLD clusters show good agreement with the laplacian map, which suggests at 
least two cortical generators, one in the left pole and another one in the more lateral and inferior 
area (Figs 2.5.3a,b). The BOLD activations over the temporal and frontal areas are not 
associated with detectable scalp electrical activity. 
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The activation curves obtained by the dipole seeding at the BOLD activation clusters suggest 
that the scalp spikes originate in the lateral occipital lobe and spread to the pole and lateral 
temporal cortex of the same hemisphere. No contribution from other sources was apparent.   
The previous results provide a tentative explanation of the peculiar ictal clinical manifestations 
of our patient. The interruption of consciousness can be attributed to epileptic propagation to the 
temporal lobe, while the eye deviation is likely to be due to the localization of epileptic activity to 
the occipital-temporal junction, a cortical area well known to be activated in smooth pursuit and 
saccadic eye movements (Petit and Haxby, 1999). The limited autonomic manifestations in our 
patient (pallor) offer little opportunity to determine the possible generators of more typical 
manifestations such as vomiting. Comparison of brain mapping in patients with diverse clinical 
manifestations within the same syndrome might offer an opportunity to determine the brain 
areas associated with particular symptoms.  
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Figure 2.5.1. a) Sub sample of the 64-channel EEG recording, demonstrating almost continuous 
spike activity over the posterior derivations on the left hemisphere with the eyes closed. Vertical 
bar is 200 µV, horizontal bar 1 second. b) Dipolar distribution of the scalp potential obtained with 
64 channels over a realistic head surface and with average reference. c) Map of the spline 
Laplacian, showing current sources and sinks with a complex spatial distribution over the 
posterior left hemisphere. Color scale bar in µV/sqm. d) EEG obtained inside the scanner, 
demonstrating strong modulation of the spike activity with opening and closing of the eyes 
(electrode T5). Vertical bar 256 µV, horizontal bar 3.1 seconds. 
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Figure 2.5.2. a) Temporal evolution of the opening and closing of the eyes (bellow: black-
closed, grey-open)) and the associated amount of spike activity (convoluted with a standard 
gamma function), above. b) Time course of the 3 independent components more clearly 
correlated with the opening/closing of the eyes and with the occurrence of spikes. Component 
39 is produced by visual cortex activation, while components 12 and 16 are spike-related. c) 
Spatial ICs, sorted by the coefficients of the multiple regression (number on the left) fitting the 
components to the number of spikes regressor in a), above. The images were thresholded with 
a Z=2.3. 
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Figure 2.5.3. a) Spline Laplacian map at the peak of an average spike, represented over a 3D 
rendering of the patient brain. The complex distribution suggests a multifocal and extended 
epileptogenic area over the left occipital lobe. Red represents current sources, while blue 
represents current sinks (color scale bar in µV/sqm). b) 3D representation of the BOLD 
activation clusters co-registered with the patient brain for the two ICs spike related. The more 
posterior cluster of IC12 (above) and the occipital-temporal junction cluster of IC16 (bellow) are 
compatible with sources suggested by the Laplacian map in a), but no electrical activity is 
apparent near the remaining BOLD cortical clusters. c) Regional dipole seeding at the BOLD 
clusters allows an estimate of the temporal contribution of each activation area to the scalp 
average spike. The recovered activation curves (middle) suggest an origin of epileptic activity in 
the occipital-temporal junction (2) source and rapid spread to the nearby occipital pole (1) and 
temporal lobe (3 and 4). 
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3. EPILEPSY OF HYPOTHALAMIC HAMARTOMAS 
3.1. Overview of the epilepsies associated with hypothalamic hamartomas 
Hamartomas are dysplastic lesions in which the neuronal and glial cells have differentiated 
normally, but which have an anarchic network organization and are in general very 
epileptogenic (Munari et al, 1995). When connected to the hypothalamus these lesions produce 
a peculiar type of epilepsy associated with laughing spells (gelastic epilepsy), highly refractory 
to medical therapy and with an unfavorable clinical course (Berkovic et al, 1998). 
This epilepsy has been the focus of interest in recent years and it has been well demonstrated 
that despite the often dramatic course, with multiple seizure types, multifocal spikes in the EEG, 
cognitive impairment and repeated status epilepticus, in the largest majority of cases there are 
no associated structural brain lesions besides the hamartoma. The striking resolution of all 
symptoms in cases where complete surgical removal of the lesion was achieved (Palmini et al, 
2002) confirmed that the origin of the epileptic activity is in the hamartoma, with secondary 
spread to several brain areas through poorly defined propagation pathways. 
Ictal SPECT studies have been able to detect a hamartoma hyperperfusion (Arroyo et al, 1997; 
Kuzniecky et al, 1997), while a more difuse hypometabolism was detected with PET (Cascino et 
al, 1993). The latter technique demonstrated predominantly areas of cortical hipometabolism 
likely to be associated with secondary cortical involvement of epileptic activity and of 
significance in relation to the progressive cognitive impairment these patients exhibit (Ryvlin et 
al, 2003). 
Because the seizure events are brief (typically less than one minute) and few consistent ictal 
activity is detected in the EEG, this technique despite the good temporal resolution is too 
insensitive to provide a dynamical picture of epileptic origin and propagation. On the other hand 
the SPECT and PET techniques have the sensitivity but not the temporal resolution to 
contribute to clarification of the ictal dynamics.  
In the following papers we present: 
 
1. (Leal et al, 2006b) [section 3.2] 
A study of ictal events was performed, using modern techniques of blind source 
separation, to both extract interfering artifacts and detect the contribution of different 
brain areas to the seizure EEG. The proposed method of analysis improved 
significantly the signal to noise ratio of ictal rhythms, over the conventional visual 
analysis, allowing a more clear characterization of its topographic properties. Source 
analysis was used to recover early activating generators localized in deep brain areas, 
supporting a subcortical onset of seizure activity. Little spatial consistency of the 
localization of deep sources was present among patients.   
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2. (Leal et al, 2008c) [section 3.3] 
A study of ictal events using EEG and combined EEG-fMRI was performed. The fMRI 
clearly detected the seizure onset in the hamartoma-hypothalamus area, followed by 
secondary involvement of diverse deep and superficial neocortical structures. This 
technique was unable to distinguish the sequence of activation of the neocortical 
structures due to limited temporal resolution. Incorporation of the temporal information 
of the ictal EEG led to a dynamical model of the origin and propagation of the epileptic 
seizures with good spatial and temporal resolution. 
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3.2. Leal A, Dias AI, Vieira JP. Analysis of the EEG dynamics of epileptic activity in gelastic 
seizures using decomposition in independent components. Clin Neurophysiol 2006b; 117(7): 
1595-1601. 
 
Abstract 
Objective: Gelastic seizures are a frequent and well established manifestation of the epilepsy 
associated with hypothalamic hamartomas. The scalp EEG recordings very seldom 
demonstrate clear spike activity and the information about the ictal epilepsy dynamics is limited. 
In this work we try to isolate epileptic rhythms in gelastic seizures and study their generators. 
Methods: We extracted rhythmic activity from EEG scalp recordings of gelastic seizures using 
decomposition in independent components (ICA) in three patients, two with hypothalamic 
hamartomas and one with no hypothalamic lesion. Time analysis of these rhythms and inverse 
source analysis was done to recover their foci of origin and temporal dynamics.  
Results: In the two patients with hypothalamic hamartomas consistent ictal delta (2-3 Hz) 
rhythms were present, with subcortical generators in both and a superficial one in a single 
patient. The latter pattern was observed in the patient with no hypothalamic hamartoma visible 
in MRI. The deep generators activated earlier than the superficial ones, suggesting a consistent 
sub-cortical origin of the rhythmical activity. 
Conclusion: Our data is compatible with early and brief epileptic generators in deep sub-cortical 
regions and more superficial ones activating later. 
Significance: Gelastic seizures express rhythms on scalp EEG compatible with epileptic activity 
originating in sub-cortical generators and secondarily involving cortical ones. 
 
Introduction 
Gelastic seizures are a rare type of epileptic manifestation where laughter spells occur without a 
concomitant sense of joy. They are usually brief (less than one minute) and can occur several 
times daily. Historically these seizures have been associated with hypothalamic hamartomas 
(List et al., 1958), and more recent invasive EEG recordings demonstrated the existence of 
paroxysmal activity limited to the hamartoma during such events (Munari et al., 1995). 
Nevertheless cases have been reported where no hypothalamic lesions could be found (Arroyo 
et al., 1993) and this suggested the existence of extra-hypothalamic generators.  
In previous studies we used source analysis techniques of the interictal spike activity of patients 
with hypothalamic hamartomas to demonstrate the existence of deep generators in the 
neighborhood of the lesion (Leal et al., 2002) and also that the EEG scalp topography can show 
frontal or temporal dominance depending on the particular anatomy of the connection of the 
hamartoma to the hypothalamus (Leal et al., 2003).  
The scalp EEG recordings during the seizures have not been very informative (reviewed in 
Munari et al., 2000) because no clear paroxysmal activity is usually found and the poor signal to 
noise ratio of such recordings has prevented more detailed analysis. Nevertheless visual 
inspection of ictal EEG reveals the existence of rhythmical activity in the theta-delta range which 
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could provide useful information on the dynamics of this type of epilepsy. In this study we 
perform analysis of ictal EEG recordings in patients with gelastic seizures, trying to separate 
true epileptic activity from artifacts and gain a deeper understanding of the dynamics and 
possible localizations of the epileptic generators. 
 
Methods and subjects 
Seizures of three patients with gelastic epilepsy were recorded during long-term video-EEG 
monitoring (12h) using setups with 32, 30 and 21 scalp gold electrodes. Clinical data is 
presented in table I, and has been detailed previously for patients 2 (Leal et al., 2003) and 3 
(Leal et al., 2002). 
The sampling rate of EEG acquisition was 256 Hz and it was filtered with a high pass filter at 0.5 
Hz and a low pass at 70 Hz. All seizures were signaled by the patient or by an accompanying 
family member. The seizure onset time was determined by careful analysis of behavioral 
manifestations in the video recording. The appearance of high frequency scalp EMG activity on 
the EEG (Figs 3.2.1a and 3.2.2a) resulting from a characteristic sudden agitation preceding the 
first laughter, or EEG desynchronization with increase of fast rhythms (Fig. 3.2.3a) were 
additional features used to determine seizure onset.  
Seizures were segmented between -30 and 30 seconds in relation to seizure onset. All lasted 
less than a minute and most less than 30 seconds. A total of eleven seizures were collected for 
patient 1 and three for each one of the two remaining patients. The segmented seizures were 
imported into the EEGLAB software (Delorme and Makeig, 2004) running in MatLab 6.1 
(MathWorks), merged in a single dataset for each patient and submitted to Independent 
Component Analysis (ICA) for decomposition in independent components (Makeig et al., 
2004)(appendix A). Afterward we selected the components with rhythmical activity after seizure 
onset (Figs 3.2.1b, 3.2.2b and 3.2.3b) which represented all rhythmic activity in the teta-delta 
range in the raw EEG (Figs 3.2.1a, 3.2.2a and 3.2.3a). These components were submitted to a 
FFT analysis and the statistically significant changes at the different frequencies were color 
coded to produce a graphical representation of the spectral changes induced by the seizure, a 
so called Event Related Spectral Perturbation (ERSP) (Makeig, 1993). Significance of the 
changes was quantified using a Bootstrap method (appendix A).  
Source analysis was performed on the spatial component of each rhythmical activity after 
seizure onset, using a spherical volume conduction model to determine the localization of the 
generator of each scalp rhythm (Apppendix A).   
 
Results 
Seizures in the different patients showed a remarkable similarity, with early desynchronization 
of the EEG, which reduced in amplitude due to the disappearance of the alpha, theta and delta 
activities, followed seconds later by onset of slow rhythmic activity in the theta-delta frequency 
range. Such rhythms can be diffuse such as in patient 3 (Fig. 3.2.3a) or focalized such as in 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
70 
 
patient 1 (Fig. 3.2.1a). A typical increase in diffuse EMG activity and also movement artifacts is 
seen at seizure onset (Figs 3.2.1a and 3.2.2a). 
The ICA components with rhythmical activity are significantly reduced in number as compared 
with the number of EEG channels expressing such rhythms (Figs 3.2.1b, 3.2.2b and 3.2.3b) 
representing a significant convergence of information. This components express a dipolar type 
of distribution of the potential over the scalp (Figs 3.2.1c, 3.2.2c and 3.2.3c), suggesting that a 
focal source might be a good representation of the intracranial generators of such rhythms.  
Furthermore no significant activity of these components is observable in the 30 sec period 
preceding the seizure, suggesting that they represent a true ictal phenomenon (Figs 3.2.1c, 
3.2.2c and 3.2.3c). 
The topography of ictal rhythmical components falls in one of two categories: type 1 has 
polarities on opposite sides of the head, compatible with a deep source; type 2 has polarities 
closer together, typically in the same hemisphere, which is more compatible with superficial 
sources. All patients have one or more components of type 1, but only patients 1 and 3 have 
components of type 2. 
The ERSP graphs demonstrate a clearly demarcated activity in the frequency range of 2-3 Hz, 
and the early onset of such activity in type 1 components supports an earlier activation as 
compared to the ones of type 2.  
Source analysis of the different types of components leads to deep generators for type 1 and 
superficial ones for type 2 (Figs 3.2.1d, 3.2.2d and 3.2.3d). Adjusted dipoles for type 1 
components lie in the deep frontal and Thalamus-Hypothalamus regions showing residual 
variances (RV) of 3%, 9% and 9-11% for patients 1, 2 and 3, respectively. Localization of type 2 
dipoles is superficial in the frontal, parietal or temporal lobes and the RVs are of 5-7% for 
patient 1 and 20% for patient 3.  
 
Discussion  
The main result of this study is that gelastic seizures produce rhythmical activity on the scalp 
EEG, of probable epileptic nature and with generators in the deep subcortical regions 
(Thalamus/Hypothalamus) and also in cortical areas. 
Gelastic seizures typically do not exhibit clear spike activity (Munari et al., 2000) and the 
frequent coexistence of movement and muscular artifacts makes the identification of epileptic 
rhythms difficult. It has historically been assumed that no relevant information can be obtained 
about the seizure generators from scalp ictal recordings and this fact was attributed to the focal 
and deep localization of such generators (Munari et al., 1995). Despite this historical 
background, our analysis of the raw EEG of several seizure recordings persistently revealed the 
existence of small amplitude rhythmical activity not attributable to artifacts (Figs 3.2.1a, 3.2.2a 
and 3.2.3a). Because this seems to be a seizure related rhythm we decided to explore the 
possibility that it contains information on the dynamics of epileptic activity in these very peculiar 
seizures. 
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The strong association with hypothalamic hamartomas (Munari et al., 2000) and the seizure 
disappearance after successful removal of the lesion (Cascino et al., 1993), clearly established 
the hypothalamus as the brain structure more strongly associated with gelastic seizures, despite 
the fact that they occasionally occur in patients without lesions demonstrated in Magnetic 
Ressonance Imaging (MRI) (Striano et al., 1999). The ability to extract information about the 
localization of the epileptic sources in gelastic seizures from scalp recordings, would be of value 
in the latter patients, as sometimes cortical generators are postulated, based on extrapolation 
from interictal spike activity (Munari et al., 1995). 
Two of our patients have clearly defined hypothalamic hamartomas in MRI (Table I), but patient 
1 has only an assimetry of the position of mammillary bodies, suggesting the existence of a 
small expansion of the right hypothalamus. The existence of small hamartomas has been 
demonstrated (Striano et al., 2002), and agrees well with the work of Sherwin et al. (1962), 
proving that this is an anatomical area with frequent microscopic malformations. 
Our ictal EEG recordings showed the usual desynchronization, movement and EMG artifacts as 
well as slow wave rhythmical activity (Figs 3.2.1a, 3.2.2a and 3.2.3a). The decomposition in 
independent components is a technique well suited to separate the contribution of artifacts from 
EEG activity (Makeig et al., 2004) and the much improved signal to noise ratio, resulting from 
their selective removal, makes the analysis of small amplitude rhythmical activity possible. In 
our patients it reveals convergence of such rhythmical activity in a small number of components 
with distinct dipolar scalp topographies (Figs 3.2.1c, 3.2.2c and 3.2.3c).  Due to the well known 
ill-posed character of the inverse problem in EEG, no general solution can be found to the 
intracranial generators of such scalp potential maps without introducing a priori properties for 
these generators. The dipolar distribution of  the scalp potential for the components of interest in 
our data, suggests that a punctual source model such as the Equivalent Current Dipole (ECD) 
might be apropriate and provide further insight on the dynamics of ictal epileptic activity.  
Inverse source analysis of rhythmic ICA components strongly suggests the presence of deep 
sub-cortical sources in all patients, and cortical ones in 2 out of 3 patients. ECD models have a 
limited power to identify the anatomical brain structures generating scalp potential patterns and 
these are even more pronounced when a small number of electrodes, spherical volume 
conduction models and single dipole models are used. Our goal in using a simple model with all 
the previous handicaps was to give only a rough anatomical localization, highlighting instead the 
dynamics of the generators of scalp slow activity. It is one of the major goals of this work to 
suggest that these rhythms, up to now not studied, are an epileptic activity deserving a more 
detailed study with optimized source analysis methods. 
The occurrence of ictal delta rhythms at consistent times after seizure onset and in different 
events, seems to be a replicable feature across patients and in the same patient, as is shown in 
Figs 3.2.1c, 3.2.2c and 3.2.3c. This is also compatible with deep sources strongly attenuated 
and low pass filtered before their detection in scalp electrodes and agrees well with a similar 
trend demonstrated for interictal spikes in a previous study in patients with hypothalamic 
hamartoma (Leal et al., 2002). The more consistent superficial ictal generators are located in 
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the lobes with more consistent interictal spike activity (Table 3.2.1), which suggests a selective 
propagation of deep epileptic activity to particular cortical areas, frontal in patient 1 and 
temporal in patient 3. 
The recent improvement in structural MRI allowed the demonstration of small HH in cases of 
gelastic seizures and other brain lesions (Palmini et al., 2005) or no lesions at all (Arroyo et al., 
1997). These reports shed doubt in previous cases attributing gelastic seizures to extra-
hypothalamic sources (Arroyo et al. 1993) on the basis of negative findings in MRI and the 
demonstration of ictal sub-cortical generators in such cases can be a further reason to carefully 
look for small HH. 
Overall, analysis of two patients with hypothalamic hamartoma and one with a suspected 
hypothalamic lesion reveals the existence of ictal rhythmical activity in the scalp EEG generated 
in deep subcortical regions and with secondary involvement of frontal and temporal cortical 
areas. 
 
Appendix A: Decomposition in independent components was performed with the INFOMAX 
algorithm (Bell and Sejnowski, 1995) implemented in EEGLAB (version 4.515), using 36000 
frames to determine a number of ICA components equal to the number of electrodes (21, 32 
and 30 for patients 1, 2 and 3 respectively).The initial learning rate was 0.001 and the process 
stopped when weight change was smaller than 1E-7. 
The ICA components with ictal rhythmic activity on visual inspection were submitted to ERSP 
analysis using an FFT algorithm with a sliding window of 256 points, filtered with a Hanning 
window and 50% overlap. To evaluate the significance of the spectral changes we used a 
Bootstrap method with surrogate data generated by FFT of similar spectral windows (N=200) 
with onset randomized in the pre-ictal period. From the surrogate baseline distribution obtained 
we derived the ERSP significance level of 1% used to construct figures 3.2.1c, 3.2.2c and 
3.2.3c. 
Dipole fitting was done with the software Source2 (Neuroscan, El Passo), using a moving dipole 
in a volume conductor model of 3 spheres with conductivities of 0.33, 0.0042 and 0.33 S/m. 
Electrode positions were taken from their 10-20 standard position and the final representation 
done in a registered average brain. Confidence ellipsoids for dipole position were calculated 
using the method of Fuchs et al. (2004), for an average noise level of 10 µV.   
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Table 3.2.1 - Clinical and neurophysiological data  
    Patient 1 Patient 2 Patient 3 
Age 6 y 8 y 6 y 
Sex M M M 
Cog. develop. Normal Normal Normal 
Seizures    
 Age of onset 3 y 6 y 5 y 
 Nausea yes no yes 
 Vomiting yes no yes 
 Urinary incontinence yes no no 
 Eye deviation yes yes yes 
 Reduced responsiveness yes yes yes 
 Pallor no yes yes 
 Loss of muscle tone yes yes no 
 Duration 
> 15 
minutes 
> 10 
minutes > 15 minutes 
 Seizure freq. single event single event single event 
MRI Normal Normal  
EEG Frontal lobe Frontal lobe Frontal lobe 
  spikes only spikes spikes 
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Figure 3.2.1. (a) Representative EEG of a gelastic seizure for patient 1 (arrows signal seizure 
onset and offset). There are no spikes, but a rhythmical delta activity is seen over the frontal 
electrodes (time scale in seconds, amplitude scale is 500µV). (b) Time course of ICA 
components with rhythmical activity during the gelastic event. (c) Event Related Spectral 
Perturbation (ERSP) for the three ICA components between -30 and +30 seconds centered on 
seizure onset, for 11 merged seizures. There is an increase at 2-3 Hz, with an early onset in 
component 2 (left scale in Hz, color scale -25 dB blue an +25 dB red; green is non-significant at 
the Bootstrap level of 1%). (d) Best fit dipole solution for components 2 (left), 1 (middle) and 3 
(right), with 1 SD confidence ellipsoids (Fuchs et al., 2004). A deep localization is seen for 
component 2 while the others have more superficial solutions. 
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Figure 3.2.2. (a) Representative EEG of a gelastic seizure for patient 2 (arrow signals seizure 
onset). There are no spikes, but a diffuse rhythmical delta activity is seen. (b) Time course of 
the only rhythmical ICA component obtained from the merged gelastic events. (c) ERSP for the 
ICA component, for three merged seizures. There is an increase in the 2-3 Hz frequency a few 
seconds after seizure onset (scales as in Fig. 1). (d) Best fit dipole solution for the ICA 
component, with the 1 SD confidence ellipsoids. A deep posterior localization is obtained. 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
76 
 
 
 
Figure 3.2.3. (a) Representative EEG of a gelastic seizure for patient 3 (arrow signals seizure 
onset). There are no spikes, but a diffuse rhythmical delta activity is seen. (b) Time course of 
the three rhythmical ICA components obtained from the merged gelastic events. (c) ERSP for 
the ICA components, for three merged seizures. There is an increase in the 1-2 Hz frequency a 
few seconds after seizure onset, firstly in component 2 (scales as in Fig. 1). (d) Best fit dipole 
solution for the ICA components. A deep localization is obtained for components 2 and 1, and a 
superficial one for component 3. 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
77 
 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
78 
 
3.3. Alberto Leal, José P Monteiro, Mario Forjaz Secca, Constança Jordão. Functional brain 
mapping of ictal activity in Gelastic Epilepsy associated with Hypothalamic Hamartoma: a case 
report. Epilepsia 2008c, in press. 
 
Abstract 
Hypothalamic hamartomas (HH) have been demonstrated as the cause of gelastic epilepsy, 
both by intracranial electrodes and functional imaging. The neocortex becomes secondarily 
involved, through poorly characterized propagation pathways. The detailed dynamics of seizure 
spread have not yet been demonstrated due to the limited spatial-temporal resolution of 
available functional mapping.  
We studied a patient with epilepsy associated with HH and gelastic epilepsy. Simultaneous 
EEG and fMRI of several seizure events were obtained, with BOLD activation of the hamartoma 
and left hemisphere hypothalamus, hippocampus, parietal-occipital area, cingulate gyrus and 
dorsal-lateral frontal area. Integration of regional BOLD kinetics and EEG power dynamics 
strongly suggest propagation of the epileptic activity from the HH through the left Fornix to the 
temporal lobe and later through the cingulate fasciculus to the left frontal lobe. 
The EEG/fMRI method has the spatial-temporal resolution to study the dynamics of seizure 
activity, with detailed demonstration of origin and propagation pathways. 
 
Keywords: hypothalamic hamartoma; epilepsy; BOLD; EEG-fMRI; seizure; functional mapping 
 
Introduction 
Epilepsy associated with Hypothalamic Hamartomas (HH) has generated a lot of interest since 
the work of Berkovic et al (1988), which described the peculiar features of the syndrome. More 
recent studies have demonstrated the intrinsic epileptic character of the Hamartoma (Munari et 
al, 1995; Kuzniecky et al, 1997), as well as the excellent outcome of cases where surgical 
removal was possible (Nishio et al, 1994; Fohlen et al, 2003; Rosenfeld et al, 2007). Overall 
these data suggest that the epileptic activity in these patients originates in the Hamartoma, 
propagates to the hypothalamus, and afterwards to the neocortex. 
Several studies in children with the syndrome have reported a restricted participation of 
neocortical areas in epileptic activity (Mullati et al, 2003; Ryvlin et al, 2003), with epileptic spikes 
involving predominantly the frontal or temporal areas, most often in a single hemisphere (Leal et 
al, 2003). This and the monotonous character of clinical seizure manifestations in the first years 
of the syndrome suggest the existence of selective and stable propagation pathways from the 
Hamartoma to the neocortex, which nevertheless remain poorly characterized. The PET and 
SPECT brain mapping techniques can show the participation of the Hamartoma in the seizure 
events (Arroyo et al, 1997; Kuzniecky et al, 1997), as well as the neocortical dysfunction (Ryvlin 
et al, 2003), but their lack of temporal resolution does not allow insight into the dynamics of the 
propagation. The scalp EEG has the required time resolution but it is insensitive to the activity in 
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the Hamartoma and deep neocortical structures in general, and therefore has not allowed a 
complete characterization of the ictal events (Leal et al, 2006). A full understanding of the 
dynamics of the epileptic activity throughout the seizure will require brain mapping methods with 
both good spatial and temporal resolution and enough sensitivity to detect activity onset in the 
Hamartoma. 
The technique of simultaneous recording of the EEG and fMRI (EEG/fMRI) promises to 
combine the good temporal resolution of the EEG with the good spatial resolution of the fMRI 
(Ritter and Villringer, 2006) and it can be used to record both interictal and ictal activity. In this 
study we apply this method to a case of epilepsy associated with HH and very frequent seizure 
events. 
 
Methods and subjects 
Clinical data 
A first-born 2-year old boy was referred for neurophysiological evaluation of refractory epilepsy 
at the program of Surgery for Epilepsy of the Hospital Center of West Lisbon. The parents were 
not consanguineous, no history of epilepsy was uncovered and the only pathology present was 
Rheumatoid Arthritis in the father, a condition he had had since the first decade of life. 
The seizures were detected at the age of 9 months, and consisted of brief episodes in which he 
suddenly stopped playing, remained “frozen” for a few seconds, and presented a few eyelid 
rhythmic movements more apparent in the right eye and also a fearful facial expression. During 
the event he had a variable lack of responsiveness to stimulation. The events lasted less than 
20 seconds and could occur hourly, but with time they became more prolonged (up to 30 
seconds) and more frequent (more than 5 per hour) and sometimes the patient exhibited an 
inappropriate laughter. 
An EEG was performed at the age of 21 months, which revealed normal background activity 
and abundant left frontal lobe spikes. One month later he had a Magnetic Resonance brain 
scan, which showed a large (grade IV in the Delalande and Fohlen (2003) classification) HH, 
with no other structural abnormalities (Fig. 3.3.3c). 
Motor and cognitive developments were normal at age 24 months and  the neurological 
examination did not demonstrate pathological features. 
Several anti-epileptic drugs were tested without any significant seizure reduction. 
 
Methods 
An indication for surgery of epilepsy was established and the following complementary studies 
were obtained with this goal in mind, after informed consent was obtained from the parents. 
The patient was submitted to a 24-h video-EEG recording using 27 electrodes in the scalp (10-
20 plus Fpz, Oz, F9/10, M1/2 and P9/10).  The high- and low-pass filters were set at 0.5 and 70 
Hz, and the sampling rate was 256 Hz. 
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Two types of interictal spikes with distinct scalp topographies were identified visually, one with 
maximum over the left occipital lobe and another with left frontal maximum (Fig. 3.3.1a). Each 
type was averaged after detection using a template match algorithm implemented in the 
software BESA 5.1 (MEGIS, Graefelfing, Germany). More than 60 seizure events were 
recorded in the 24-h period, with ictal activity localized in the left hemisphere (Fig. 3.3.1b). The 
EEG of seizures without significant artifacts (N=55) was cut in epochs from minus 10 to plus 20 
seconds after onset and submitted to Event Related Synchronization / Desynchronization 
(ERS/ERD) of the full bandwidth, using the Scan 4.3.3 software (Neuroscan, El Paso, USA). 
The percentage reduction in mean global field power (MGFP) as compared to the 10-second 
period preceding seizure onset was determined, using bipolar derivations to evaluate the 
relative dynamics of the major left hemisphere lobes (Fig. 3.3.3a). A FFT analysis using an 
Event Related Spectral Perturbation (ERSP) (Makeig, 1993) plot in the band 1-70 Hz was 
obtained for each lobe, using as statistical measure of significance a Bootstrap test where the 
baseline for comparison of spectral responses was the distribution obtained by calculating the 
spectra of epochs with 200 points, randomly chosen in the pre-seizure period. 1000 resamples 
were used for the distribution, and a significance level of 1% was used. This analysis was done 
using the EEGLAB software package (Delorme and Makeig, 2004). 
The patient was also submitted to a brain MRI (1.5T, Cvi/NVi GE scanner), with acquisitions of: 
1. A volumetric T1 Spoiled Gradient Recovery (SPGR) 3D sequence, with an in-plane resolution 
of 0.94x0.94 mm and a slice thickness of 0.6 mm; 2. Six sequences of simultaneous EEG and 
fMRI, with a continuous acquisition of 150 EPI brain volumes per session, composed of 24 
slices per volume (in-plane resolution 3.75x3.75 mm, slice thickness 5 mm) obtained with a 
Repetition Time (TR) of 2.275 s. The EEG was recorded with a 37-channel DC amplifier through 
a MR-compatible MagLink system (Neuroscan, El Paso, USA). The EEG artifacts induced 
during EPI acquisition were removed with the Scan 4.3.3 software and the cleaned signal 
visually inspected to detect the rhythmical spike activity typical of seizure events (Fig. 3.3.1b). A 
design matrix was obtained after convolution of the previous activations with a standard Gamma 
Hemodynamic Response Function (HRF), which was used to obtain the ictal BOLD activation 
using the GLM theory as implemented in the FSL 4.0 software package (Smith et al, 2004). 
 
Results 
The interictal EEG demonstrated a persistent slow wave abnormality over the left temporal-
occipital area, associated with abundant spike activity with occasional contra lateral 
propagation. Abundant spike activity also occurred over the left hemisphere frontal lobe. A more 
detailed analysis of the scalp potential topography at successive moments in time from spike 
onset to spike peak revealed spatial stability of the posterior spikes while the frontal ones 
changed significantly in configuration (Fig. 3.3.1a), from an occipital bipolar potential at spike 
onset to a bipolar frontal potential at spike peak. This suggests that the frontal lobe spikes are 
mixed events resulting from the overlap of the scalp potentials induced by early activating 
occipital generators and late activating frontal ones. 
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The effect of Sevoflurane anesthesia on the spike activity recorded inside the scanner was 
minimal, as judged by visual inspection, and both interictal spikes and ictal rhythms could be 
easily recognized (Fig. 3.3.1b).  
The BOLD response associated with the occurrence of left occipital spikes consisted only of 
scattered deactivation clusters (Fig 3.3.2a, above), involving the left temporal and parietal lobes, 
as well as the frontal lobes on both hemispheres. No significant response was obtained near the 
hypothalamus. 
More than 60 seizures were recorded in the 24-h video-EEG monitoring, with durations of 20 to 
30 seconds and almost exclusive involvement of the left hemisphere. The ictal EEG pattern was 
very monotonous and consisted of early diffuse desynchronization, followed by the build up of 
spike activity over the left occipital and temporal areas and in the later stages of the seizure 
over the frontal area (Fig. 3.3.1c). Occasionally secondary propagation of spike activity to the 
right temporal areas occurred. The clinical manifestations of the seizures consisted of slowing of 
motor activity, variable interruption of consciousness, eyelid rhythmic movements with bilateral 
nistagmus to the right and occasionally gelastic laughter. 
The EEG ictal recordings were so consistent that we could merge the MGFP of a large number 
of artifact free events (N=55) to establish the recovery of each brain area after the initial 
desynchronization (Fig. 3.3.3a). Because this recovery was due to the build up of spike activity 
(Fig. 3.3.1c), a dynamical sequence of the epileptic activity of different cortical areas in the 
seizure event was obtained, with data supporting an early participation of the temporal and 
occipital lobes and a late frontal lobe involvement. The parietal lobe remained desynchronized 
throughout the seizures. 
Multiple clusters of BOLD seizure activation were obtained with fMRI, from a single session in 
which 5 seizure events occurred, involving not only the Hamartoma but also the hippocampus, 
occipital lobe, cingulate gyrus and dorsal-lateral frontal lobe in the left hemisphere (Fig. 3.3.2a, 
bellow). An analysis of the seizure-induced deactivation revealed only cerebellum and right 
temporal clusters. The overall fit of the BOLD signal from the significant voxels and the seizure 
events convoluted with the standard HRF is shown in Fig. 3.3.2b. The BOLD temporal evolution 
showed a trend to an earlier and more pronounced activation (seizures 1, 3 and 4 of Fig. 3.3.2c) 
of the hamartoma-hypothalamic area, as compared with the cortical clusters. No temporal lead 
of a particular cortical brain area could be demonstrated (Fig. 3.3.2c). 
The integration of the temporal evolution of ictal spike activity over the left hemisphere major 
lobes (Fig. 3.3.3a) with the spatial areas of BOLD activation in each lobe (Fig. 3.3.2a, bellow), 
suggests a dynamical model of seizure propagation (Fig. 3.3.3b). After onset in the hamartoma 
(stage 1), the epileptic activity propagates to the left hippocampus and occipital lobe (stages 2) 
and later to the left cingulate gyrus and dorsal-lateral frontal lobe (stage 3). 
 
Discussion 
The brief seizures associated with variable interruption of consciousness and inappropriate 
laughter seen in our patient are compatible with the characteristics of ictal events reported in the 
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literature for patients with HH (reviewed in Nguyen et al, 2003). The interictal EEG 
demonstrates multifocal spikes commonly seen in HH cases, but a clear predominance over the 
frontal and occipital-temporal areas in the left hemisphere is seen, demonstrating a selective 
and restricted neocortical involvement. A similar tendency of spike activity to concentrate in the 
frontal and temporal lobes has been noted in a series of HH patients (Mullati et al, 2003; Ryvlin 
et al, 2003) and correlated with the anatomical characteristics of the connection of the lesion to 
the Hypothalamus (Leal et al, 2003). The more detailed analysis of the average spikes in our 
study (Fig. 3.3.1a) suggests a stable synchronous configuration of posterior brain generators for 
the occipital-temporal spikes from spike onset to peak (right), while the frontal ones 
demonstrate asynchronous generators with distinct spatial distribution, with early posterior brain 
activation (-40 and -30 ms before spike peak, left). This data, together with the prominent slow 
wave activity over the left occipital-temporal area, suggests the existence of a posterior left 
hemisphere focal neocortical dysfunction with strong epileptic activity, which leads secondarily 
to frontal lobe involvement.  
The EEG ictal recordings exhibit a very consistent pattern of early diffuse desynchronization, 
followed by the appearance of rhythmic sharp waves and spikes over the left temporal and 
occipital lobes and only later a build up of rhythmical spike activity over the left frontal lobe (Fig. 
3.3.1c). The large number of ictal events allowed a quantitative determination of this trend by 
evaluating the signal power in representative bipolar channels (Fig. 3.3.3a). If it is assumed that 
the seizures originate in the Hamartoma, as suggested by the early BOLD activation of the 
hamartoma-hypothamalus area, then the EEG data support an early cortical activation of the left 
occipital-temporal area, which later spreads to the frontal lobe on the same hemisphere. This 
hypothetical temporal sequence agrees with the previously analyzed dynamics of interictal 
spikes and supports the existence of very selective propagation pathways for the epileptic 
activity in our patient. 
Our EEG-fMRI recordings were obtained under light Sevoflurane anesthesia, using the 
conventional clinical protocol for small children at the MRI center. At these concentrations 
Sevoflurane is not expected to reduce significantly the epileptic activity (Komatsu et al, 1994), 
as was observed in our case where both interictal and ictal spikes were comparable, both in 
morphology and topography, to the data obtained without anesthesia. The later observation 
suggests that the recorded activity is the usual epileptic activity of the patient and not some 
pharmacologically induced abnormal rhythm. 
The BOLD response associated with the occurrence of posterior spikes did not present any 
significant brain activation, but widespread deactivation clusters were apparent in the left 
temporal and parietal areas, as well as over the frontal lobes (Fig. 3.3.2a, above). No significant 
BOLD response was apparent from the hypothalamus, most likely because the spike activity 
recorded in the scalp does not faithfully reproduce the dynamics of activation of the Hamartoma, 
preventing the generation of an appropriate design matrix.  
In contrast with the interictal events, the seizures produced several clusters of activation but 
restricted deactivations (Fig. 3.3.2a, bellow). A significant (95% confidence level, corrected for 
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multiple comparisons) increase in the BOLD signal was apparent in the left Hypothalamus, 
Hippocampus, Occipital lobe, anterior Cingulate Gyrus and dorsal-lateral frontal lobe at seizure 
onset (Fig. 3.3.2b). The analysis of the BOLD dynamics of the voxels belonging to regions of 
interest (ROI) in the previous structures (Fig. 3.3.2c) shows a trend to an early and more 
pronounced activation of the left Hypothalamus-Hamartoma cluster, but no clear separation of 
the time response of each of the several cortical areas was possible, most likely due to the 
limited temporal resolution of our activation paradigm. This prevents the determination of the 
cortical temporal dynamics of ictal activity from fMRI data alone. 
The combination of the brain areas with BOLD activation with the sequential temporal evolution 
of ictal spike activity, leads to a model of seizure propagation from the Hamartoma to the left 
Hypothalamus, followed by the posterior temporal-occipital area and later the frontal lobe. Such 
a model suggests that propagation of epileptic activity through major white matter projection 
pathways is taking place, the left Fornix (Hypothalamus to posterior temporal area) and the left 
cingulate fasciculus (from posterior temporal to frontal lobe). These pathways overlap the circuit 
of Papez (Papez, 1937), which is a main crossroad to important physiological rhythms such as 
the limbic Theta activity (Kocsis et Vertes, 1994).  
The Mammillary bodies are able to support epileptic activity (Raftopoulos et al, 2005) and in the 
few cases of epilepsy of these structures, the epileptic discharges were associated with 
temporal lobe activity in the scalp EEG (Rijckevorsel et al, 2005).  This suggests the existence 
of a selective pathway for seizure propagation between the two brain areas, most likely through 
antidromic conduction in the Fornix formation. The anatomical projection of this pathway to the 
posterior hippocampus can also explain the focal slowing and abundant interictal spike activity 
over the left occipital and posterior temporal lobes. 
An alternative projection pathway for seizure spread has been suggested by Kahane et al 
(2003) in their patients studied with depth electrodes. They documented an early propagation 
from the HH to the cingulate gyrus in 3 patients, which they propose to be mediated through a 
mamillo-thalamo-cingulate pathway. In contrast to those cases, in our patient the involvement of 
the frontal lobe was always limited to the late phases of the seizure EEG event, and was always 
preceded by left side occipito-temporal spike activity. This suggests that the alternative pathway 
of the Papez circuit through a mamillo-hippocampus-cingulate provides a better explanation of 
our data. 
The present study highlights with good spatial resolution the brain areas involved in seizure 
expression in a patient with epilepsy associated with HH. The integration of the early BOLD 
activation of the hamartoma-hypothalamus with the temporal information of cortical activity 
provided by the EEG, leads to a dynamical model of seizure spread through well defined 
anatomical pathways, which can help the planning of surgical therapy. 
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Fig. 3.3.1 a) Average interictal spikes for the frontal (left, N=81) and occipital (right, N=503) 
classes. The scalp instantaneous potential maps at 10 ms intervals from spike onset (top) to 
spike peak (bottom) demonstrates a stable topography for occipital spikes, but a prominent 
change through time for the frontal spikes. (Vertical scale is 300 µV and the horizontal 0.5 s). b) 
Sample of EEG under Sevoflurane anesthesia, allowing easy recognition of normal background 
rhythms and spikes (arrow). Vertical scale 500 µV, horizontal scale 1 s. c) Sample of ictal EEG, 
with diffuse desynchronization at seizure onset (arrow), followed by spike build up at the left 
occipital electrode (O1) and later in the temporal electrodes (F9 and M1) and frontal ones (Fp1). 
Vertical scale 500 µV and horizontal scale 2 s. 
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Fig. 3.3.2 a) BOLD activation (red) and deactivation (blue) for the interictal spikes (above) and 
ictal events (bellow). Only deactivations are apparent for interictal spikes. The seizures induce a 
significant activation of the Hamartoma as well as several cortical areas in the left hemisphere. 
(Color scales in Z scores). b) Temporal evolution of the BOLD signal for the 1951 voxels found 
to be significantly activated (red). In green is represented the model obtained by convoluting the 
seizure events with a standard Gamma HRF. c) Variation of the BOLD signal in a EEG/fMRI 
sequence with 5 seizures (white). In 3 of the events a strong and early activation of the 
Hamartoma cluster is seen (brown), while no dynamical difference can be found between the 
other clusters. Horizontal numbers are the volumes in the sequence. 
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Fig. 3.3.3 a) Mean Global Field Power (MGFP) variation from 10 seconds before to 20 seconds 
after seizure onset (t=0), for bipolar derivations representing activity in the major lobes of the left 
hemisphere. Diffuse desynchronization at seizure onset, at frequencies below 20 Hz, is followed 
by an early recovery in the left temporal lobe and a late one in the frontal lobe. The ERSP plots 
(below) demonstrate no significant (Bootstrap test with a 1% significance level) recovery of 
desyncronization in the occipital or parietal lobes. A significant and persistent increase in power 
in a 30-40 Hz band after seizure onset occurred in the temporal and frontal lobes. b) The 
dynamics of the power in the 30-40 Hz band at representative monopolar electrodes (average 
reference), demonstrates an earlier activation of the left temporal area, as compared with the 
left frontal one. Vertical scale is 80% and horizontal scale 3 s. c) Coronal fast spin echo T2 
sequence, demonstrating the selective connection to the left hemisphere and the large 
dimensions of the hamartoma. d) Diagram illustrating the main propagation stages postulated 
for the dynamics of seizure events. Seizure activity propagates from the hamartoma to the left 
hypothalamus, followed by spread to the posterior hyppocampus through the Fornix, and later 
to the cingulate gyrus through the cingulate fasciculus. 
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4. FOCAL EPILEPSIES EVALUATED FOR SURGERY 
4.1. Overview of focal symptomatic epilepsies 
Focal epilepsies are commonly refractory to pharmacological therapy and seizure events persist 
with significant impact on the quality of life of the patients. Some of these cases are considered 
for surgery of epilepsy after extensive clinical, neurophysiological, imagiological, psychological 
and psychiatric studies. The very detailed information obtained and the importance of being 
able to understand the origin and dynamics of epileptic activity is one of the more demanding 
task put on both, clinical neurophysiology and brain imaging. Because these patients are 
operated, a careful comparison of the results after surgery with the models obtained before 
surgery is a unique opportunity to test the validity of the functional brain mapping methods. 
A great importance is given to the EEG and to the clinical manifestations of the seizure events 
in localizing the origin and secondary propagation of the epileptic activity (reviewed in Foldvary, 
2001). The poor spatial resolution of both methods makes this a very difficult exercise and often 
invasive intracranial EEG recordings have to be made (reviewed in Hamer and Morris, 2001). 
The availability of new brain mapping methods with good spatial and temporal resolution offers 
hope that they can make a significant contribution to the selection for surgery of epilepsy. 
Two papers were written on the subject: 
1. (Leal et al, 2008a) [section 4.2] 
A group of 4 patients with refractory focal epilepsy and brain lesions secondary to 
Tuberous Sclerosis, undergoing evaluation for surgery of epilepsy were studied with 
independent component analysis (ICA) of both the interictal and ictal EEGs. The ICA 
was very successful in removing artifacts and in isolating the ictal rhythmic activity that 
later was submitted to source analysis. A clustering of solutions for the different ictal 
events around a single lesion among the several present in each patient was apparent. 
In the three successfully operated patients, removal of that lesion resulted in a seizure-
free outcome. The interictal analysis did not provide a consistent picture in this respect. 
We conclude that modern EEG analysis allows the extraction of significant information 
from ictal EEG recordings, which traditionally have been difficult to analyze due to the 
bad signal to noise ratio. 
2. (Leal et al, 2008d) [section 4.3] 
A group of 12 patients with focal epilepsy undergoing evaluation for surgery of epilepsy 
was submitted to both a high-resolution (64 channel) EEG and simultaneous EEG-fMRI 
recordings. A comparison of the localization of BOLD clusters projected in the 
superficial cortex and of the superficial EEG maps of interictal spikes was done. A 
further correlation with the structural lesions present in some patients was performed. 
BOLD activation was obtained in 75% of the cases, and in general multiple clusters 
were present. The EEG results revealed the advantage of using both the average and 
laplacian methods to improve localization. In the cases with no structural lesion the 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
89 
 
convergence of the BOLD and EEG localization provides an important source of 
information. 
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4.2. Leal A, Dias AI, Vieira JP, Moreira A, Távora L, Calado E. Analysis of the dynamics and 
origin of epileptic activity in patients with Tuberous Sclerosis evaluated for surgery of epilepsy. 
Clin Neurophysiol 2008a; 119(4): 853-861. 
  
Abstract 
Objective: The epilepsies associated with the Tuberous Sclerosis Complex (TSC) are very often 
refractory to medical therapy. Surgery for epilepsy is an effective alternative when the critical 
link between the localization of seizure onset in the scalp and a particular cortical tuber can be 
established. In this study we perform analysis of ictal and interictal EEG to improve such link. 
Methods: The ictal and interictal recordings of four patients with TSC undergoing surgery for 
epilepsy were submitted to independent component analysis (ICA), followed by source analysis, 
using the sLORETA algorithm. The localizations obtained for the ictal EEG and for the average 
interictal spikes were compared. 
Results: The ICA analysis of ictal EEG produced consistent results in different events, and there 
was good agreement with the tubers that were successfully removed in 3 of the 4 patients (one 
patient refused surgery). In some patients there was a large discrepancy between the 
localization of ictal and interictal sources. The interictal activity produced more widespread 
source localizations. 
Conclusions: The use of ICA analysis of ictal EEG followed by the use of source analysis 
methods in 4 cases of epilepsy and TSC was able to localize the epileptic generators very near 
the lesions successfully removed in surgery for epilepsy. 
Significance: The ICA analysis of ictal EEG events may be a useful add-on to the tools used to 
establish the connection between epileptic scalp activity and the cortical tubers originating it, in 
patients with TSC considered for surgery of epilepsy.  
 
Introduction 
Tuberous Sclerosis (TS) is one of the most common neuro-cutaneous syndromes and the 
patients very often have pharmacoresistant focal epilepsy (Holmes et al, 2007). These 
epilepsies are usually associated with complex and multi-focal spike activity in the scalp EEG 
that leads to the false impression that several brain areas are producing seizure activity and so 
these patients were formerly not considered for surgery (Jansen et al, 2007). It became 
apparent in recent years that interictal spikes are a poor predictor of the localization of seizure 
onset, and many patients have consistent seizure onset foci and can benefit from a surgical 
procedure, despite having the previous complex interictal pattern (Perot and Weir, 1966; Bebin 
et al, 1993).  
The selection process remains nevertheless difficult because of the complex and variable 
temporal characteristics of the EEG and ictal behavioral manifestations. In this setting it 
becomes important a better understanding of the relationship between ictal and interictal 
activity, in order to select wisely the good surgical candidates.  
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
91 
 
We propose a strategy of study favoring ictal EEG analysis, combining Independent Component 
Analysis (ICA) and source analysis, to establish the critical connection between EEG scalp 
recordings and the underlying brain lesions. 
 
Methods 
Four consecutive patients from the Pediatric Neurology Department of Hospital Dona Estefânia 
with the diagnosis of Tuberous Sclerosis (TS) and epilepsy refractory to medical treatment were 
included in the present study. The patients were being considered for surgery of epilepsy and 
the neurophysiological and brain imaging data were obtained with this goal in mind. 
All patients underwent long-term video-EEG recordings, using 19 (patients 2 and 4) or 27 (10-
20 plus F9/10, T9/10, P9/10, Fpz and Oz, for patients 1 and 3) gold electrodes glued to the scalp with 
colodium. The sampling rate was 256 Hz and a band pass of 0.1-70 Hz was used. Electrode 
positions were measured using the method of De Munck et al (1991) for patients 1 and 3 and 
were obtained from standard positions for the 10-20 system for patients 2 and 4. 
The MRIs were obtained using clinical protocols that included in all cases T1 volumetric 
sequences allowing reconstruction of the brain anatomy and co-registration with the electrodes 
in the scalp.  
The interictal spikes were divided in topographical classes using visual inspection by an 
experienced clinical neurophysiologist (AL). For each topography a representative spike was 
selected and used to perform a template based automatic search for similar spikes using the 
BESA 5.1 software (MEGIS, Graefelfing, Germany). The detected spikes were averaged (N=15 
to 40) and submitted to source analysis. 
The ictal recordings were processed (three per patient) using the EEGLAB toolbox (Delorme 
and Makeig, 2004) and methods detailed elsewhere (Leal et al, 2006). Briefly, the EEG was 
epoched from -20 to 30 s, with zero time at seizure onset. A decomposition in independent 
components (ICs) using the Infomax algorithm (Bell and Sjenoswsky, 1995; Makeig et al., 1997) 
was performed and the ICs expressing rhythmical activity after seizure onset, were selected for 
source analysis of their spatial component.  
Source analysis for the averaged interictal spikes and the selected ictal ICA components was 
done with the sLORETA software package (Pascual-Marqui, 2002), available at 
http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm.  
 
Clinical data 
The patients included in this study have been studied repeatedly at our department with video-
EEG to document uncontrollable partial seizures (Table 4.2.1). In all of them we were convinced 
that a single onset zone for the epileptic fits was present, despite the variable EEG features and 
clinical manifestations of the seizures along time. 
Patient 1 started at an early age (2 months) with motor seizures involving the right face and 
arm, which lasted 1-3 minutes and on average occurred 15-20 times daily. The early video-EEG 
study at age 3 months, demonstrated focal interictal spikes with phase reversal on bipolar 
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montages over C3 (Fig. 4.2.1c, left) and several seizure events with clear onset in the same 
electrode (Fig. 4.2.1a).  Later studies at ages 8 and 10 months confirmed the same ictal onset, 
despite a more difficult EEG analysis due to increased low frequency activity and decreased 
amplitude of the epileptic rhythm. Interictal activity demonstrated multifocal spikes (Fig. 4.2.1c, 
right). The MRI presented a left frontal lesion involving the lower gyrus, which was interpreted 
as the probable epileptogenic tuber (Fig. 5.2.1e). 
Patient 2 also had an early onset of epileptic seizures, which consisted of episodes of 
interruption of consciousness lasting for several seconds mainly in the morning period. They 
occurred daily and repeatedly, in burst that could last for 1 to 2 hours and were followed by 
several hours of confusion. Severe behavioral problems became apparent with attention 
deficits, lack of social skills and repeated episodes of aggression to his school companions. The 
repeated evaluation with video-EEG and long-term ambulatory EEG allowed us to identify a 
consistent ictal rhythm over the right occipital area (Fig. 4.2.2a), while the interictal spikes were 
multifocal, with a more consistent focus over the right temporal electrodes (Fig. 4.2.2c, left). The 
comparison of the ictal activity and the MR imaging implied the large dysplastic lesion over the 
right temporal and occipital cortex as the originator of the seizures (Fig. 4.2.2e). 
Patient 3 demonstrated clinical and EEG features very similar to the ones of patient 1, with early 
onset of partial motor seizures involving the right arm and associated with ictal onset in the C3-
F3 electrodes (Fig. 4.2.3a), reproducible in three studies. An associated tuber was found in the 
lower gyrus of the left frontal lobe (Fig. 4.2.3b). The patient’s mother refused surgery. 
Patient 4 started with partial motor seizures involving the left arm at the age of 1 year. The 
episodes occurred 5-10 times daily and were associated with a fast EEG ictal rhythm with onset 
in the right frontal lobe (Fig. 4.2.4a). The interictal activity was multifocal but more consistent in 
the frontal lobe electrodes (Fig. 4.2.4c, left). Several small tubers could be identified over the 
right frontal lobe in the MRI (Fig. 4.2.4e). 
Patient 1 was operated at our hospital, while patients 2 and 4 were operated at another 
institution.  
After surgery all patients remain seizure-free. In patient 1 there was a clear improvement in the 
cognitive development and communication skills. Patient 2 demonstrated a striking reduction in 
the behavioral disturbances, with improved attention and social integration. In patient 4 no 
problems in behavior were detected either before or after surgery. 
 
Results 
All patients expressed multifocal interictal spikes in the scalp EEG, but a clearly dominant type 
(the most frequent one) was always present, with consistent morphology and dipolar 
topography (Figs 4.2.1c, 4.2.2c, 4.2.3c and 4.2.4c, left). For most patients (1, 3 and 4) there 
was lobar concordance between the most dysplastic brain area and the localization of the 
phase reversal of the dominant spikes in bipolar montages. The sources obtained from these 
averaged interictal spikes were localized in the lobe with the largest tuber for all patients with 
the maximum sLORETA statistic score near the interface between the dysplastic and normal 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
93 
 
brain tissue (Figs 4.2.1b, 4.2.2b, 4.2.3b and 4.2.4b ). Other spike topographies were associated 
with very distinct localizations for their generators (Figs 4.2.1b, 4.2.2b, 4.2.3b and 4.2.4b), which 
overall provide little consistency in defining the epileptic brain area in a given patient from 
interictal recordings. 
The ictal paroxysms showed a very similar topographic pattern to the one of the dominant 
interictal spikes in patients 3 and 4 (Figs 4.2.3b and 4.2.4b), but a different topography in the 
remaining patients (Figs 4.2.1b and 4.2.2b). The scalp distribution of seizure activity remained 
stable in different seizures and the ictal semiology was compatible with the lobar localization of 
the EEG rhythmic activity (Table 4.2.1). 
The decomposition of the ictal EEG by ICA produced one or two rhythmic components 
synchronous with the raw scalp signal (Figs 4.2.1a, 4.2.2a, 4.2.3a and 4.2.4a). The sources 
obtained from these ICs demonstrated a close spatial relationship with the largest tubers in all 
four patients (Figs 4.2.1b-c, 4.2.2b-c, 4.2.3b-c and 4.2.4b-c). These ictal sources showed spatial 
consistency in different seizure events. 
In the three cases successfully submitted to surgery the interictal sources were localized in the 
neighbourhood but outside the resection volume (Figs 4.2.1d, 4.2.2d and 4.2.4d) and at the 
interface between the normal and most dysplastic area for the patient not operated. The ictal 
sources were also predominantly located at the interface between the most dysplastic brain 
areas and the normal brain. The ECoG performed before cortical resection in patient 1 revealed 
abundant spikes in the brain surrounding the tuber, but not in the girus containing it. This 
suggests that the lesion is not an intrinsic generator of interictal spikes, which more likely 
originate in the adjacent cortex.   
 
Discussion 
The main conclusion of our work is that the source analysis of ictal rhythms in patients with 
epilepsy associated with TS produces consistent results in different seizure events, with a close 
spatial relationship with the brain area removed in successful surgery for epilepsy. This 
contrasts with the complex and multifocal interictal spike activity typical of these patients, which 
makes it very difficult to build a consistent picture of the epileptic activity dynamics from this 
type of recordings. In some cases, such as in our case 2, there is a significant spatial separation 
between ictal and interictal sources, which makes it unreliable to extrapolate which brain area is 
originating the seizures from interictal activity alone.  
In clinical neurophysiology the analysis of ictal EEG, which is of fundamental importance for the 
selection of patients for surgery of epilepsy, has lagged behind the analysis of the interictal 
spikes (Jansen et al, 2005; Iida et al, 2005; Kamimura et al, 2006; Sperli et al, 2006) mainly due 
to the poorer signal to noise ratio (SNR). Several aditional factors contribute to this, but the 
more important ones are the movement and EMG artifacts induced by the ictal behavioral 
manifestations and also the dynamic character of the epileptic activity which spreads to various 
brain areas using complex and poorly understood pathways. Furthermore the usual methods of 
improving the SNR such as averaging and frequency filtering are not very effective in this 
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setting. The introduction of blind source separation methods such as ICA (Makeig et al, 1997) 
and spatial filtering offers a much more promising way to improve the SNR, which is a 
requirement for the use of more advanced methods of analysis. 
The power of ICA decomposition of the EEG to identify and remove movement artifacts is well 
established (Makeig et al, 1997; Urrestarazu et al, 2004) and has been confirmed in our study. 
The high amplitude and temporal evolution of such components makes their identification easy 
and their removal allows a more detailed inspection of seizure activity. In our patients the 
observation of the artifact-free EEG revealed that the rhythmic activity present in the seizure 
was also present in the remaining ICs. In order to study the ICs specificaly related to the ictal 
events we selected the rhythmical components demonstrating synchronous activity with the 
rhythms in the raw EEG (Fig 4.2.1a, 4.2.2a, 4.2.3a and 4.2.4a). This procedure reduced the ictal 
data to a restricted number of ICs (1 or 2), whose temporal pattern of activation matched the 
rhythms that in the original EEG were widespread in the scalp, producing a significant 
convergence of information. The fact that the scalp maps of these ICs have dipolar topography 
further suggests that focal and fixed sources may be good models for these generators of 
interest.   
The ICA analysis provides a robust method to overcome the two main limitations of ictal 
analysis: it allows separation and selective elimination of artifacts which in general have very 
distinct temporal dynamics from the intrinsic epileptic activity; and also separates the 
contribution of epileptic activity from distinct brain areas which lead to significant volume 
conductor mixing in the scalp potentials. Previous attempts to do source analysis of ictal events 
with spatio-temporal dipoles restricted the sudy to seizures with few artifacts and good signal to 
noise ratio, such as temporal lobe seizures (Assaf and Ebersole, 1997). Lantz et al (2001) 
attempted to address more representative neocortical epilepsies using microstate segmentation 
of the EEG to obtain snapshots of the intracranial generators throughout the event. This method 
does not correct for the problem of volume conductor mixing of concomitant activation of 
different sources which might be present (such as in the events of figs 4.2.1a and 4.2.4a) and is 
potentially misleading. 
In order to gain insight on the intracranial localization of the generators of the IC patterns seen 
in the scalp, we adopted the sLORETA algorithm (Pascual-Marqui, 2002), which has good 
localizing capabilities for focal sources (Wagner et al, 2004). The method provides a smooth 
distribution of statistical scores in the volume space, with a maximum at the source localization. 
Anatomical constraints to the volume space can be used, for example restricting the solution 
space to the cortical volume as in our study, and this further improves the localization of 
sources while remaining compatible with the physiology.  
The interictal spike activity in our patients is multi-focal, but in all a dominant topography could 
be identified which produced sources in the neighborhood of the epileptogenic lesions. This 
agrees with the results of Seri et al (1998), which also have been able to recover sources near 
frontal lobe tubers in cases of TSC and frontal lobe spikes. Nevertheless, in 2 out of 4 patients 
there was a discrepant topography and corresponding source localization between the two 
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types of epileptic activity, with results suggesting that the ictal analysis leads to new and 
spatially more consistent information as compared to the analysis of interictal spikes only.  
The surgical results in our cases were good and give support to the suggestion from previous 
studies implicating the most dysplastic brain areas as the usual area of origin of ictal activity 
(Bebin et al, 1993).  Two major obstacles stand in the way to surgery in these patients: one is 
the usually complex and variable interictal spike activity that seldom points unambiguously to a 
particular brain area; the other is the change in the ictal behavioral manifestations along time 
due not to new epileptic foci but to different propagation patterns of the epileptic activity from the 
epileptic focus. In our opinion achieving a good case selection for surgery is critically dependent 
on demonstrating a consistent pattern of ictal activity in the EEG in several seizures and 
eventually at different ages. Only then can we be confident that a single focus might provide the 
explanation to the epilepsy of a given patient. In this strategy the convergence of information 
offered by ICA ictal analysis, complemented with source analysis techniques, seems a 
promising tool in the pre-surgical study of patients with TS and epilepsy. 
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Table 4.2.1 - Clinical and neurophysiological data   
    Patient 1 Patient 2 Patient 3 Patient 4 
Age 23 months 8 years 3 years 3 years 
Sex M M M F 
Cog. Develop. Normal Delayed Delayed Normal 
Epilepsy     
 Age of onset 2 months 2 months 3 months 1 year 
 Seizure type Partial motor Partial complex Partial motor Partial motor 
  (right arm/face) (lasting seconds) (right arm) (left arm clonus) 
 Seizure freq. 15-20 daily 5-10 daily 10-20 daily 5-10 daily 
MRI (largest 
lesion) Left inferior  Right Occipital- Lower left Right superior 
  frontal gyrus Temporal area frontal lobe frontal lobe 
EEG     
 Interictal Multifocal spikes Multifocal spikes 
Multifocal 
dominant Multifocal spikes  
  dominant in C3 dominant in T4-T6 in C3-F3 
dominant in C4-
F4 
 Ictal Focal seizures Rhythmical sharp 
Rhythmical 
spike- Rhythmical slow 
  from C3-F3 waves in O2 wave in C3-F3 waves in F4-Fp2 
Source analysis     
 Interictal Source in left Source in right 
Source in 
superior 
Source in 
superior 
  lateral frontal lobe temporal lobe left frontal lobe right frontal lobe 
 Ictal Sources in left Source in right 
Source in 
superior 
Source in 
superior 
  lateral frontal lobe parietal lobe left frontal lobe right frontal lobe 
      
Surgery Frontal lobe Tempor.+Occip. Refused Right frontal 
  lesionectomy lesionectomy  lesionectomy 
Outcome Seizure free(6m) Seizure free(1y) 
Seizure free 
(1y) 
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Figure 4.2.1. (a) Seizure event for patient 1, with onset of EEG rhythmical activity in electrodes 
F3-C3 (arrow and asterisks) and the two ICs demonstrating synchronous activation (IC1 and 
IC2). In the right is shown the topography of the two ICs, which have a dipolar distribution over 
the scalp, (vertical scale is 400 µV and the horizontal scale 2 s). (b) Source analysis with the 
sLORETA method. Projected on the MRI plane with the suspected tuber is represented the 
interictal maximum for the averaged interictal spikes (circles, left) and for three ictal events 
(circles, square and triangle on the right). The solutions are localized in the interface between 
the lesion and normal brain. When more than one IC is present per seizure, they are 
numbered). (c) Average interictal EEG spikes with the dominant one on the left (horizontal scale 
200 ms, vertical scale 100 µV). (d) MRI after successful surgery of epilepsy, demonstrating 
removal of the tuber. (e) T2 sequence to demonstrate the various tubers in patient 1. 
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Figure 4.2.2. (a) Seizure event for patient 2, demonstrates onset of rhythmical activity in the 
electrode O2 (arrow and asterisks). This activity was recovered by a single IC, with maximum 
over the right posterior areas (below, right), (vertical scale 750 µV and the horizontal scale 2 s). 
(b) sLORETA results for the averaged interictal spikes (left) and for the ictal events (right). 
There is a large spatial difference between the two solutions. (c) Average EEG spike (horizontal 
scale 300 ms, vertical scale 100 µV). (d) MRI after successful surgery for epilepsy. (e) MRI 
sequence demonstrating the multiple tubers in this patient.  
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Figure 4.2.3. (a) Seizure event for patient 3, demonstrating onset of rhythmical activity in 
electrode C3 (arrow). This activity was recovered by a single IC (bellow, right), (vertical scale 
500 µV and the horizontal scale 2 s). (b) sLORETA results for the averaged interictal spikes 
(left) and for the ictal events (right). There is partial spatial overlap of the generators for the two 
types of epileptic activity. (c) Average EEG spikes (scales as in fig 2). 
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Figure 4.2.4. (a) Seizure event for patient 4, demonstrating onset of rhythmical activity in 
electrode F4 (arrow). This activity was recovered by two ICs, with maximum over the right 
frontal lobe (bellow, right), (vertical scale 750 µV and the horizontal scale 2 s). (b) sLORETA 
results for the averaged interictal spikes (left) and for the ictal events (right). (c) Average EEG 
spikes (scales as in fig 2). (d) MRI after successful surgery for epilepsy. e) MRI sequence 
demonstrating the multiple tubers in the frontal lobe of this patient.  
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Comparison of high-resolution EEG and the spike-triggered BOLD activation in focal epilepsy. 
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Abstract 
Purpose: Integration of EEG and functional Magnetic Resonance Imaging (fMRI) has generated 
expectations of a major improvement in spatial and temporal resolution of non-invasive 
functional brain mapping. In epilepsy, several studies have nevertheless demonstrated 
significant discrepancies between the BOLD activation and the EEG intracranial generators 
recovered by source analysis. 
Methods: The authors use high-resolution EEG (HR-EEG) recordings of interictal spikes in 12 
patients with focal epilepsy, processed with an average reference (avg-EEG) and a spline-
laplacian algorithm (SL-EEG), and integrate results with the BOLD activation obtained in 
simultaneous EEG-fMRI.  
Results: BOLD activations were obtained in 75% of patients (N=9). In 5 patients activation 
occurred in the convexity or basal brain areas; in all of these avg-EEG and SL-EEG peaks were 
in the close neighbourhood (<3 cm). In 4 patients BOLD activations occurred in the inter-
hemispheric fissure; in those the SL-EEG failed to show a focal peak, while the avg-EEG 
showed a nearby maximum in 3. 
Each method in isolation had major limitations: widespread maximum in avg-EEG; secondary 
sources and sinks far from the presumed focus for the SL-EEG; and multiple BOLD clusters for 
fMRI. 
Discussion: There is a close spatial relation between BOLD activation and HR-EEG when the 
first occur in the brain convexity or basal cortex; BOLD activations in the central fissure do not 
provide focal sources in the HR-EEG, but in two operated cases removal of a brain area 
including the BOLD cluster rendered the patient seizure-free.  
HR-EEG of interictal spikes demonstrates a close spatial relation with the BOLD activation 
recorded in simultaneous EEG-fMRI. 
 
Introduction 
The localization of the brain structures originating the seizures by non-invasive means is an 
important goal in the study of focal epilepsies, and it has significant impact on the successful 
planning of surgical therapy. One strategy to map the epileptogenic areas consists in the study 
of interictal spikes. The use of a higher number of recording electrodes than the 19 commonly 
applied for diagnosis (10-20 system) has been associated with improved results (reviewed in 
Nunez et al, 1994) by allowing the use of advanced analysis methods to improve the spatial 
resolution of the EEG, such as the laplacian (Law et al, 1993) or deblurring (Gevins et al, 1994). 
These procedures improve the localization of spikes over the scalp and allow an estimate of 
their projection on the dura, but do not provide an accurate determination of the number of 
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generators because they are strongly biased toward superficial cortical generators (Nunez et al, 
1994). 
The use of source analysis methods to obtain a more accurate localization faces serious 
problems because the prior assumptions on the properties of the generators that are required to 
solve the inverse problem in EEG are not widely accepted in the clinical community (reviewed in 
Plummer et al, 2008) and did not have a significant impact in the evaluation for surgery of 
epilepsy. The incorporation of additional information on the localization of the sources obtained 
by a direct physiological measure is expected to bring more consistency to the models and 
make them less dependent on arbitrary prior conditions. 
The BOLD activation associated with the occurrence of interictal spikes is a promising tool, 
providing localization information by non-invasive means (Krakow et al, 1999; Lazeyras et al, 
2000; Al-Asmi et al, 2003; Bonaventura et al, 2006; De Tiège et al, 2007). Some problems must 
nevertheless be solved before this information can be incorporated in source models (Bagshaw 
et al, 2006), namely its sensitivity and specificity must be established, as well as the best choice 
of parameters to obtain a robust map of the epileptic brain structures. 
In this study we try to establish the relationship between interictal spikes EEG maps recorded 
with 64 channels and the BOLD activations obtained in simultaneous EEG/fMRI recordings, 
from patients with neocortical epilepsies undergoing evaluation for surgery of epilepsy. 
 
Methods 
Twelve patients with focal epilepsy undergoing evaluation for Surgery of Epilepsy at the 
program of the Hospital Centre of West Lisbon were selected for the study. All of them were 
submitted to a protocol including two experimental sessions, one with recording of high-
resolution EEG (HR-EEG) and another with simultaneous recording of EEG and functional 
Magnetic Resonance Imaging (EEG/fMRI). Informed consent was obtained from all patients or 
from their parents when appropriate.  
The HR-EEG consisted of a 64-channel afternoon recording with 2-hour duration, including a 
period of sleep. Electrodes were placed using a 10-10 cap (EasyCap, Herrsching-Breitbrunn 
Germany) and were made of sintered AgCl. Impedances were kept bellow 10 kΩ, a sampling 
rate of 512 Hz was selected and the high- and low-pass filters were set at 0.5 and 70 Hz. At the 
end of the session the positions of the electrodes and of the fiducial points (Nasion and pre-
auricular points) were determined using an electromagnetic digitizer (Patriot, Polhemus, 
Colchester, USA). 
The EEG/fMRI recordings were performed in a 1.5T GE CVi/NVi scanner, and consisted of 
several (5 to 10) blocks of continuous and simultaneous acquisition of both modalities, with a 
short interval between sessions. The EEG was recorded through a special cap of 37 electrodes, 
made of sintered AgCl and certified for use inside the scanner room (MagLink, Neuroscan, El 
Paso, USA). The signal was conducted outside the scanner room through a carbon fibre cable 
and acquired in a DC amplifier (NuAmps, Neuroscan, El Paso, USA). An RF filter was placed at 
the interface panel of the room. The sampling rate was set at 1000 Hz, the low pass filter was 
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230 Hz and no high pass filter was used. The EKG was acquired through two electrodes on the 
chest. The EEG was processed offline with the software Scan 4.3.3 (Neuroscan, El Paso, USA) 
to remove the echo-planar imaging (EPI) induced artefacts and make visible the epileptic 
spikes. The balistocardiogram artefact was not corrected for because it was found not to 
interfere significantly with the spike recognition. The fMRI consisted of EPI sequences with 
either 16 (patients MC, TF, HC, HS, NF and GM) or 24 (patients IL, LR, FF, JP, JB and AP) 
slices per brain volume, acquired with a repetition time (TR) of 3.12 and 2.3, respectively. A 
total of 100 volumes were obtained per session for the patients with 16 slices per volume and 
150 volumes per session for the remaining ones. The in-plane resolution of the EPI slices was 
3.75x3.75 mm and the slice thickness was 7 and 5 mm for each of the previous protocols. 
After acquisition of the fMRI data, a 3D T1 sequence with in plane resolution of 0.86x0.86 mm 
and slice thickness of 0.60 mm was obtained. 
The spikes in the EEG recorded inside the scanner were used to establish the time instants of 
activation in the even-related analysis protocol of the fMRI data. The software package FSL 4.0 
(Smith et al, 2004) was used to perform slice realignment, slice time correction, smoothing with 
a Gaussian spatial filter with a full-width at half maximum of 5 mm. The first two volumes in 
each EPI sequence were eliminated. An event-related protocol was established by using the 
General Linear Model (GLM) to determine the correlation of the BOLD responses with the 
theoretical curve built by convoluting the time of occurrence of the EEG spikes with a Gamma 
function with derivatives. The time to peak was tested with values of 3, 6, 8 and 10 seconds and 
the one producing the best activation selected as the good parameter. The correction for 
multiple comparisons was done using a cluster-based method with a Z=2.3, corresponding to a 
confidence value of 95%. The EPI results were registered to the high-resolution 3D T1 
sequence to obtain the final anatomical localization of the activations. 
The spikes detected in the HR-EEG were averaged, with temporal alignment by the spike peak, 
and used to map the potential over a realistic scalp obtained from surface rendering of the 
volumetric T1 sequence and using the individually determined electrode positions. This was 
done with the ASA 2.2 software package (ANT, Enschede, The Netherlands). The surface 
rendering of the BOLD activation was represented in the previous maps allowing the final 
integrated display of both datasets (Figs 4.3.1, 4.3.2 and 4.3.3).  
 
Results 
Patients 
The patients included in the study had very consistent and focal epileptic activity in the scalp 
EEG. No structural brain lesion could be found in 6 of the 12 and in the ones with lesions those 
ranged from large destructive lesions to very small cortical dysplasias (Table 4.3.1). One patient 
had been previously submitted to surgical removal of a frontal lobe oligodendroglioma (Fig. 
4.3.4a). 
The epileptic activity in different patients had the maximum amplitude localized in diverse brain 
areas: the frontal lobes (5 patients); the temporal lobes (2 patients); the parietal lobes (3 
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patients); and the occipital lobes (2 patients), representing examples of the major types of 
neocortical epilepsies. The lobar classification of the epilepsies was done not only from the 
scalp topography of the interictal spikes but also from the clinical and neurophysiological 
manifestations documented in the long-term video-EEG study performed in the context of the 
evaluation for surgery of epilepsy (Table 4.3.1). In all cases there was good concordance 
between the lobe suggested by the interictal spikes and the seizure-onset area in the video-
EEG study. 
In 9 of the 12 patients (75%) studied, a significant BOLD activation was associated with the 
occurrence of interictal spikes. Because we are interested in correlating the HR-EEG and 
EEG/fMRI, the cases with no BOLD activation (one frontal, one parietal and one temporal lobe 
epilepsy) were excluded from further analysis (Table 4.3.1). 
 
BOLD activation and structural lesions 
In 6 of the 9 patients with BOLD activation there was a structural lesion documented in the 
anatomical MRI (Table 4.3.1). In 4 of these cases there was a cluster of BOLD activation in the 
neighbourhood (< 2 cm) of the lesion (Figs. 4.3.1b, c and 4.3.3b, c). This activation was not the 
main BOLD cluster in all cases and in 3 patients there were one or more independent clusters 
(Figs 4.3.1b, 4.3.3b and c). In two patients (MC and NF) the BOLD activation area was distant 
from the lesion, but in the same lobe. 
One patient (JP) had a BOLD cluster over a sclerotic hippocampus but the seizures 
documented on video-EEG originated in the parietal lobe of the other hemisphere (Fig 4.3.3b). 
Patients IL and FF (Fig. 4.3.4b and c) have been submitted to surgical removal of the presumed 
epileptogenic lesion and are seizure-free. Patient NF has been submitted to surgical removal 
guided by ECoG spiking, leaving out the area of BOLD activation (Fig. 4.3.4a), and maintains 
seizures. 
Among cases with no structural lesion, patient GM (Fig. 4.3.2c) has been submitted to invasive 
monitoring and a highly epileptogenic cortical area in the inferior left occipital lobe was removed, 
including the BOLD activation cluster, resulting in a seizure-free outcome. 
 
HR-EEG and structural lesions 
In 4 patients with structural lesion there was a dipolar topography of the average spike potential 
in the scalp, with the maximum negativity near (< 4 cm) the scalp projection of the lesion in 2 
(Figs 4.3.1b and 4.3.3c). The other patients with lesions (N=3) had a more complex scalp 
potential topography (Figs 4.3.1a and 4.3.3a,b), with a maximum far from the lesion’s scalp 
projection. The topography of the spikes is therefore not a reliable indicator of the localization of 
structural lesions, even with the increased number of electrodes used. 
The use of the Laplacian montage to increase the spatial resolution of the EEG did not improve 
the results, as in only 2 of the 6 cases with lesion did this montage produce a focal source or 
sink of current in the neighbourhood of the structural lesion (Figs 4.3.1b and 4.3.3b). When the 
evidence for localization was taken from either the average or Laplacian montages, then 4 out 
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of 6 patients had an EEG maximum near the brain lesion, improving a little the results of each 
technique in isolation.  
 
HR-EEG and BOLD activations 
Seven of the nine patients had a dipolar distribution of the scalp potential in the average 
reference montage, which was widespread but in all cases pointed to the lobar localization of 
BOLD activations (Figs 4.3.1, 4.3.2 and 4.3.3c). In four of these patients the increased spatial 
resolution offered by the Laplacian montage resulted in improvement of the relationship 
between the electrical and vascular data (Figs 4.3.1a,b and 4.3.2a,c). 
In three patients with dipolar potential maps the use of the SL-EEG resulted in clearly 
discordant data between the BOLD and EEG data (Figs 4.3.1c, 4.3.2b and 4.3.3c), with the 
appearance of widespread patterns of current sources and sinks far from the BOLD activation 
areas. In the three cases the BOLD clusters were located in the inter-hemispheric fissure and 
relatively far from the scalp surface (Table 4.3.2). These cases suggest that for deep 
generators, the SL-EEG not only does not improve the EEG/BOLD correlation, but it can even 
make it worse than it is the case for the average reference.  
Of the two cases with more complex scalp potential maps, one had skull discontinuities 
resulting from a previous surgery (Fig 4.3.3a) and the other a complex epilepsy with left parietal 
ictal onset associated with right hippocampus dysplasia (Fig 4.3.3b) (Table 4.3.1). In the latter 
case there was good correspondence between SL-EEG maps demonstrating widespread 
parietal-temporal lobe activity and the BOLD clusters in the parietal and bilateral temporal lobes.  
The combination of superficial cortical BOLD activations with local SL-EEG sources and sinks 
seems a combination that helps to select one from several candidate sources present in 
complex Laplacian patterns (Figs 4.3.2a,c). The absence of a local Laplacian overlying the 
BOLD activations can be due to a deep localization of fMRI clusters, making more reliable the 
use of avg-EEG montages in these cases. 
 
Secondary BOLD clusters and focal EEG sources 
In five patients multiple BOLD clusters were obtained (Table 4.3.2), which could be quite far 
apart (Figs 4.3.1b, 4.3.3a,b). In two patients (NF and FF) the secondary clusters were far from 
the structural lesions and had no apparent local EEG associated with them, suggesting that 
they correspond to false positive results. For patient TF the secondary cluster was very near the 
first one, but in the opposite hemisphere. It remains unclear whether it represents a real 
epileptic involvement of the right hemisphere. The patient JP (Fig. 4.3.3b) has secondary BOLD 
clusters far away over the scalp but associated with local EEG activity (Fig. 4.3.3b), suggesting 
that the epileptic area might be widespread. Patient AP had a secondary BOLD activation in the 
neighbourhood of the main activation (Fig. 4.3.3c). 
The spatial association of the brain surface projection of the BOLD clusters and the SL-EEG 
peaks seems a promising method to improve our capability to determine the value of secondary 
activations far from the primary candidate area. 
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The presence of a BOLD activation near a focal configuration of current sources and sinks of 
the SL-EEG, can help in the selection of one among several such configurations present in the 
same patient (Fig. 4.3.2a,c). 
 
Discussion 
The use of an increased spatial sampling of the scalp EEG in our study allows the use of both 
average and laplacian maps (Lopes da Silva, 2005), providing a more robust spatial 
representation of the events of interest than is obtained by the 19 electrodes of the conventional 
10-20 system. Despite the use of methods to increase the spatial resolution, this is nevertheless 
much worse than the one of fMRI and at best, in our dataset, points to a particular brain lobe. 
The use of source analysis methods offers an increased discrimination at the cost of introducing 
constrains to the intracranial generators that allow the resolution of the inverse problem in EEG 
(Bénar et al, 2006). Such “constrained” solutions have had reduced acceptance in clinical 
epileptology due to the weak justification for such prior postulates (Plummer et al, 2008). In this 
work we use only methods to improve the spatial resolution of the EEG that do not require such 
strong assumptions, namely the average reference and the Laplacian montage (Nunez and 
Srinivasan, 2006). 
The patients included in the study represent a large variety of neocortical epilepsies, covering 
the major brain lobes and diverse ethiologies. They were submitted to simultaneous EEG/fMRI 
with the expectation that the BOLD activation recovered from such recordings would provide 
additional information about the characteristics and localization of the underlying sources of 
scalp epileptic activity (Bénar et al, 2006). We could obtain a significant activation in 75% of the 
cases (9/12), which is a similar percentage to the one reported for other series (Lazeyras et al, 
2000; Bagshaw et al, 2004; Bonaventura et al, 2006). 
The overall results of the use of the average and laplacian montages show the 
complementarities between the two representations, with the SL-EEG demonstrating an 
increased focalization power in some patients but a complete inability to localize in other 
patients. The avg-EEG produced more consistent but less focal results. Overall the two 
techniques complemented each other and their combination produced a modest increase in the 
spatial correlation with structural lesions and also with the BOLD activations, when compared 
with the results of each method independently. These results agree well with the known 
properties of these montages (Nunez and Srinivasan, 2006) and of their application to the 
mapping of scalp epileptic activity (Nunez and Pilgreen, 1991). 
Significant BOLD activations could be recovered near structural brain lesions in 4 out of 6 
patients. Because they were either dysplastic or peri-tumoral lesions, with a high epileptogenic 
potential as determined by the overall neurophysiologial evaluation, such activations are very 
likely to represent true epileptic-induced BOLD effects. Two out of three operated patients with 
a brain lesion became seizure-free after a brain resection including the lesion and the BOLD 
cluster (Fig. 4.3.4b and c), suggesting a good localizing power for this method. One case 
submitted to resection of the lesion leaving out the BOLD cluster (Fig. 4.3.4a) maintains 
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seizures, suggesting a more widespread epileptogenic area than demonstrated by intra-
operative exploration. 
A single case with no structural lesion, submitted to cortical resection including the BOLD 
cluster, remains seizure-free, supporting good localizing capabilities for the method in this 
setting.  
The lobe implicated by the avg-EEG of interictal spikes had a significant BOLD cluster in 7 out 
of 9 patients, supporting a local generator for the scalp spikes. In four of these patients the SL-
EEG demonstrated a focal configuration of sources and sinks of current, further supporting the 
case for a localized and superficial cortical generator. The four cases with no local sources or 
sinks of current had BOLD clusters localized deep in the inter-hemispheric fissure (Figs 4.3.1c, 
4.3.2b and 4.3.3c), suggesting deep generators outside the range of the laplacian montage, 
which is well known to be insensitive to deep sources (Nunez and Srinivasan, 2006). 
Half of the patients have more than one BOLD cluster, sometimes in different brain lobes. In 
some cases these secondary clusters are not associated with structural lesions, with local scalp 
spikes or with a presumed epileptogenic area from seizure semiology, suggesting that they are 
false positives. When the BOLD clusters are associated with local scalp spike activity, more 
evident in the SL-EEG, these cannot be considered false positives. Such is the case for patient 
JP which showed BOLD clusters in the left parietal lobe (Fig. 4.3.3b) in addition to right BOLD 
clusters associated to a dysplastic hippocampus. Several seizures were documented in the 
video-EEG recordings arising from the left parietal lobe. Overall these cases show that the 
higher spatial resolution provided by the SL-EEG can play an important role in determining the 
possible clinical significance of multiple BOLD clusters typically found in the simultaneous 
EEG/fMRI recordings. The association of a BOLD cluster of activation with a focal concentration 
of sources and sinks of current in the SL-EEG provides the strongest case for a local generator 
of epileptic activity, but was only found in 5 out of 9 patients. 
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Figure 4.3.1. (a) Scalp potential map of the average interictal spike (N=110) in the average 
reference (above) and in the spline laplacian montage (middle) for patient MC. The diffuse 
maximum over the vertex in the average reference is much more focal in the laplacian montage. 
Both have a close relationship with the main BOLD cluster (in red). EEG electrodes are in 
green. Bellow, spatial relationship of BOLD activation with the large destructive lesion in the 
lower left frontal lobe. (b) Average (above) and laplacian (middle) maps for the average interictal 
spikes for patient FF (N=376). The laplacian improves the spatial resolution as well as the 
spatial relationship with the BOLD cluster near the structural lesion (white arrow). Bellow, spatial 
relation of BOLD activation with the small structural lesion over the pre-central girus. (c) The 
average map (above) for patient IL shows a close spatial relationship between the spike 
maximal and the main BOLD cluster (N=50). The laplacian map is more complex and with little 
focal features in the neighbourhood of the BOLD cluster (middle). Bellow, structural lesion over 
the middle left occipital lobe (white arrow) and BOLD activation cluster. 
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Figure 4.3.2. (a) Average (above) and laplacian (middle) montages for the interictal spikes of 
patient HS (N=24). Bellow, BOLD activation cluster over an anatomical slice. There is good 
spatial concordance between the EEG maximum in the average montage and the main BOLD 
cluster. The laplacian map is more complex but shows a configuration of current sources and 
sinks compatible with a local source over the BOLD cluster. (b) The average map (above) for 
patient TF shows a maximum near the surface projection of the main BOLD clusters. The 
laplacian map (middle) fails to show sources and sinks of current near the BOLD clusters and 
produces instead complex configurations over the frontal and occipital lobes (middle). Bellow, 
coronal view of BOLD activations. (c) Average and laplacian montages for patient GM (N=61). 
No structural lesion was detected, but the laplacian clearly improved the spatial concordance 
between the BOLD cluster and the scalp EEG. 
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Figure 4.3.3. (a) The average maps for patient NF are complex and with little spatial 
concordance either with the frontal lobe lesion or with the BOLD clusters (N=220). The 
structural MRI (bellow) demonstrates the lesion (black arrow) and BOLD activations. (b) The 
average and laplacian maps for patient JP (N=40), show complex configurations over both 
temporal lobes and the central area, associated with widespread BOLD activations over the 
same areas. Bellow, spatial relation of BOLD activations with the right hippocampus structural 
abnormality (black arrow). (c) Average reference potential map (above) and laplacian (middle) 
for patient AP (N=50). The cortical lesion consists of a widespread cortical atrophy (black arrow) 
extending from the sagital plane to the more lateral left frontal lobe. Bellow, BOLD activation in 
the inter-hemispheric fissure and structural abnormality in the FLAIR coronal slice (inset). 
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Figure 4.3.4. (a) Electrocorticography for patient NF revealing focal interictal spikes (upper 
channel) in the anterior border of the old surgical wound. A local resection was performed 
(outlined in red, below) but the patient is not seizure-free.  (b) Pre-surgical (left) MRI for patient 
IL, demonstrating the relation between the BOLD activation cluster and the resected area 
(outlined in red). The patient is seizure-free. Post-surgical CT, illustrating the resected area 
(right). c) BOLD activation and outlined brain lesion removed during surgery for patient FF. The 
patient is seizure-free.  
 
 
Functional mapping of human brain networks with high temporal and spatial resolution methods 
 
113 
 
 
Table 4.3.1 - Clinical data
Patients Age(y) Epilepsy Seizure type MRI Interictal EEG Ictal EEG
MC 24 Frontal lobe Mental slowing and right motor activity Left frontal lobe clastic lesion Multifocal Left frontal lobe
TF 12 Frontal lobe Simple motor seizure in the right hand N Multifocal Not recorded
HC* 30 Temporal lobe Complex partial seizures N Multifocal Left temporal lobe
HS 34 Temporal lobe Complex partial seizures N Focal Right temporal lobe
IL 13 Occipital lobe Complex partial seizures Displastic medial left occipital lobe Focal Left occipital lobe
FF 18 Parietal lobe Simple motor seizure in the right hand Pos-central left displastic lesion Focal Left rolandic area
LR* 33 Parietal lobe Umbalance, mental slowing abnormal laughter N Focal Right parietal lobe
NF 31 Frontal lobe Simple motor seizures in the right limbs Left frontal lobe pos-surgical lesion Focal Left frontal lobe
GM 9 Temporal lobe Complex partial seizures N Multifocal Left temporal lobe
JP 18 Parietal lobe Complex partial seizures Displastic left hippocampus Multifocal Central-parietal
JB* 4 Temporal lobe Complex partial seizures Displastic lesion in left hippocampus Multifocal Bilateral frontal lobes
AP 13 Frontal lobe Tonic seizure of right limbs, right head rotation. Atrophy of posterior left frontal lobe. Focal Left frontal lobe
* No BOLD activation  
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Table 4.3.2 - BOLD and EEG data
BOLD clusters EEG spikes Distances
Average Laplacian
Patients N 1st 2nd Depth 1st Depth 2nd N Main 2nd Main 2nd BOLD*-lesion BOLD*-avg BOLD*-Laplac
MC 2 C1 Cz 15 25 1 FCz FCz 3,0 2,5 2,5
FF 2 CP3 FC6 23 25 1 CP3-CP1 CP3 0,5 3,5 3,5
IL 1 POz 25 1 PO3 Not focal 0,5 3,5
HS 1 FT10 20 1 T4-FT8 T8-F8 1,5 2,0
TF 2 C1 Cz 43 60 2 Fpz-Fp1 Cz-CFz Not focal Not focal 4,0
GM 1 P9 32 >5 TP7-P7 P7-PO3 4,5 3,5
NF 4 AFz CPz 18 22 1 C3-CP3 Not focal 7,1 5,3 6,1
JP 4 FC3-CP3 FT9 20 40 1 Cz T7-C3-C1 0,5 1,0
AP 2 FCz-Cz Cz 25 30 2 FCz-C1 F7 Not focal 2,0 2,0
* nearest cluster
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5. General discussion 
The experimental studies carried out in this thesis highlight, both the potential and limitations of 
functional brain mapping using EEG. This is done using clinical neurophysiology techniques in 
patients with special epilepsy syndromes, chosen in such a way that particular requirements for 
the EEG mapping are emphasized: 
1. One group included patients with distinct syndromes of idiopathic occipital lobe epilepsy 
as classified by the International League Against Epilepsy  based on the age of onset, 
clinical features of the seizure events and interictal EEG spike features. There are good 
clinical reasons to assume that the diverse symptomatology in the different syndromes 
is associated with epileptic activity originating in separate anatomical localizations within 
the occipital lobes, but the current methods of EEG mapping have not been able to 
clearly point to the particular brain area involved in each syndrome. 
2. Although the precise localization of the epileptic brain areas is unknown in most 
epileptic patients, in particular cases such as in the epilepsy associated with HH, this 
localization is very well established (Munari et al, 1995). The origin of the epileptic 
activity within the HH offers a good experimental test to the localization capabilities of 
the EEG brain mapping due to the deep brain localization of the source. 
3. Patients with refractory focal epilepsy under evaluation for surgery offer an excellent 
opportunity to push the EEG mapping to its limits and to compare the results with the 
detailed and multimodal evaluations that these patients undergo in the pre-surgery 
evaluation process. The results from surgery offer a unique opportunity to validate the 
results of EEG functional mapping, a fundamental task if such mappings are to be used 
for understanding brain function. 
 
In the following sections a discussion of our results concerning the topics listed in section 1.1 is 
done and a comparison with the literature data is performed. In the final section we speculate 
on future developments which might lead to important advances in the field of functional 
mapping of the human brain. 
 
5.1. Spatial resolution 
The limited capability to distinguish electric potentials originating from distinct brain sources has 
been a major handicap of the scalp EEG, which cannot be easily solved by simply increasing 
the electrode sampling, as was demonstrated in the studies of sections 2.5 and 4.3. In them the 
use of around 3 times as much (64) electrodes as currently used did not result in more detailed 
scalp potential maps, when the average reference was used. Only with the use of the laplacian 
algorithm could the spatial detail in the maps be increased. 
The issue of the bad spatial resolution in EEG is a complex one and most likely several factors 
contribute to this: 
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• Potentials in the scalp result from the synchronous activation of cortical areas of several 
square centimeters (Cooper et al, 1965) and not from point sources. 
• There is a significant overlap at each scalp electrode of locally generated potentials and 
volume-conducted ones from distant sources, resulting in overlap of scalp maps. 
• The skull produces not only a reduction in amplitude, but also a significant blurring of 
intracranial potentials. 
• The reduced number of sampling electrodes in the scalp also contributes to the loss of 
spatial resolution, at least for less than 128 electrodes (reviewed in Nunez and 
Srinivasan, 2005). 
The first two issues are dealt with in sections 5.5 and 5.6. 
The blurring of intracranial focal potentials when seen from the scalp has been the focus of 
modern techniques of high-resolution EEG such as the spline-laplacian. In our study 4.3 this 
technique was able to improve spatial focalization of the epileptic sources in 5 out of 9 patients. 
In the remaining ones the method failed to provide any consistent focalizations; in these cases 
the simultaneous recording of the BOLD activation suggested the existence of deep sources, 
providing a consistent explanation for such a failure (Nunez et al, 1994). In the same study the 
simultaneous use of the average and laplacian montage was found useful as the two methods 
provide differential but complementary insights into the EEG data. Overall the coexistence of a 
focal peak in both the average and laplacian maps with a nearby BOLD cluster was found to be 
the most convincing combination for the existence of a local epileptic source.  
The increased resolution offered by the laplacian allows a rough estimate of the surface extent 
of the EEG sources, as demonstrated in sections 2.4, 2.5 and 4.3. This estimate can be most 
useful in the appropriate selection of constrains in source analysis (section 2.5). 
The number of electrodes that maximizes the spatial resolution in the scalp has not been clearly 
established. By the Nyquist criterion to avoid aliasing, the sampling frequency should be at least 
twice the highest spatial frequency of the EEG. But because the latter is dependent on the 
localization of the EEG sources (unknown in most cases) it is generally a poorly determined 
quantity. The spatial aliasing problem is nevertheless reduced by the low-pass filtering effect of 
the skull (Srinivasan, 1999) and of the finite EEG electrode dimensions. Overall it is widely 
accepted that an electrode to electrode distance of 3 cm (64 electrodes per head) avoids most 
spatial aliasing (reviewed in Nunez and Srinivasan, 2005) but results seem to improve at least 
up to 2.5 cm inter electrode distance (Gevins et al, 1991). 
 
5.2. The inverse problem in EEG 
A crucial step in the non-invasive mapping of brain physiology is the inverse transformation of 
the scalp potentials to the brain currents that originate them. The popularity of source analysis 
methods to perform this step has faced widespread skepticism from the clinical neurophysiology 
community (Plummer et al, 2008), because of the little justification for constrains put on the 
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sources that are necessary to solve the inverse problem, in both EEG and MEG. The 
appropriate constrains to use in a particular type of experimental setting are in general unknown 
and ultimately they must be validated experimentally.  
The case of idiopathic occipital lobe epilepsies is a good demonstration of the inconsistent 
results provided by source analysis methods when information on the appropriate constrains on 
the epileptic sources is lacking. In our study of source analysis in two syndromes of IOLE 
(section 2.2) we found distinct localizations for the sources in patients with similar clinical 
syndromes and similar source localizations for patients with distinct syndromes. Such 
inconsistencies extend to the literature data: Van der Meij et al (1997) found dipole generators 
in superficial localizations near the middle line in patients with IOLE and suggested that 
superficial sources are a common feature of such cases; Yoshinaga et al (2006) and Kanazawa 
et al (2006), using EEG and MEG, found deep middle line occipital generators in cases of IOLE 
(PS type). Our own analysis of a single case of PS syndrome (section 2.5) without the use of 
source analysis methods, strongly suggests a superficial and lateral origin of the epileptic 
activity instead of the deep and middle line postulated by the latter two studies. 
In general, the “simple” dipolar models commonly used in experimental environments, where 
hard constrains on the source properties are lacking or poorly justified, give only a rough idea 
on the localization of the epileptic cortex and none about the surface extension of the source. 
On the other hand they very easily lead to wrong interpretations and unjustified conclusions 
about brain physiology. 
It is a strong belief of the author that source analysis is useful only when experimentally 
validated constrains on the sources properties can be used to solve the inverse problem in 
EEG. Excessive emphasis on the mathematical side of the problem led to the development of a 
large number of computational algorithms (reviewed in Plummer et al, 2008), while very little 
efforts have been devoted to experimental determination of the appropriate constrains on the 
sources and on other important data such as tissue conductances. 
We demonstrated that good results can be obtained with source analysis methods for Tuberous 
Sclerosis seizure events using a combination of ICA and the sLORETA (Pascual-Marqui, 2002) 
algorithms (section 4.2). A consistent localization was obtained for the sources of ictal rhythmic 
activity in 4 patients and the comparison of this localization with the brain area removed in 
successful surgery of epilepsy produced a validation of the models. These results provide a 
posteriori validation of the anatomical constrains used, in combination with a set of processing 
algorithms. The same combination did not provide useful or consistent results for the 
localization of interictal spikes. 
In the absence of strong experimental support for the constrains to impose on the source 
model, the high-resolution methods based on the laplacian algorithms offer a robust procedure 
to correct for the effects of the different head compartments on the electric and magnetic fields 
generated by neuronal activity (Nunez and Pilgreen, 1991). Although no generators are 
obtained, these estimates of the currents and potentials on the cerebral cortex can provide 
important additional information on the source properties which can be correlated with 
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information obtained from other brain mapping modalities. We demonstrated that high-
resolution EEG and simultaneous EEG-fMRI can be combined in such a way that important 
clues to the localization and characteristics of the generators of a particular EEG waveform of 
interest (epileptic spike) can be obtained without the use of source analysis methods (sections 
2.4, 2.5 and 4.3).  
The combination of source analysis with the BOLD activations obtained through simultaneous 
EEG-fMRI recording holds important promises of significant advances in the field of functional 
brain mapping (Gotman et al, 2004). Nevertheless, several studies demonstrated a significant 
discrepancy between the two methods (Lemieux et al, 2001; Bagshaw et al, 2006). In our own 
study in IOLE (section 2.2) we also found a significant disagreement between the two methods. 
The method of seeding regional dipoles at the BOLD clusters localizations is not a true way of 
mapping the unknown sources but instead a method of testing the relative contribution of the 
diverse brain areas producing fMRI activation. This can be useful in some contexts were 
multiple BOLD clusters are present and no reliable data exists on how to select the meaningful 
ones (Leal et al, 2007b), but some evidence exists that the BOLD clusters overlap only 
imprecisely the true area of neuronal activation (Gotman et al, 2004). More experimental work 
on the degree of concordance of the EEG/fMRI BOLD activation and the epileptogenic areas 
needs to be done before this data can be reliably used to constrain source analysis methods. 
 
5.3. Reduced sensitivity to subcortical generators 
That the scalp EEG has a reduced sensitivity to deep brain sources has been known from the 
early days of neurophysiology. Nevertheless no simple rule for the relationship between 
amplitude attenuation and depth has been derived and it is in general very difficult to determine 
whether a small amplitude waveform on the scalp is due to a weak but superficial source or to a 
strong but deep one. In the most general case the EEG rhythms will result from the overlap 
activity from sources at different depths, whose number and localizations are unknown 
(reviewed in Nunez and Srinivasan, 2005). 
In section 3.2 we report a study in patients with known localization of the source of epileptic 
activity where an attempt was made to recover the dynamics of seizure onset and propagation 
using modern techniques of blind source decomposition of the EEG activity and source analysis 
based on surface EEG recordings alone. Although a separation of deep and superficial 
generators was achieved, the comparison of the localization of the deep sources to the known 
area of seizure onset (in the HH) demonstrated little precision and a high uncertainty for the 
localization. 
A major improvement in this exercise was obtained in the study detailed in section 3.3, in which 
a patient with HH was submitted to a high-resolution EEG (64 electrodes) complemented with a 
simultaneous EEG-fMRI recording of the seizure events. The BOLD effect associated with the 
occurrence of seizures produced a 3D map of the cortical and subcortical activations, with good 
spatial resolution. It also allowed the establishment of the origin and early propagation of 
epileptic activity to the cortex. In conjunction with the temporal dynamics of the cortical activity 
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provided by the EEG, the combined study allowed a detailed dynamic model of the origin and 
propagation of the seizure activity. 
The imaging of cortical and subcortical sources of epileptic activity in HH has been obtained 
with SPECT (Arroyo et al, 1997; Kuzniecky et al, 1997; Arzimannoglou et al, 2003) and also 
with PET (Mullati et al, 2003; Ryvlin et al, 2003). These methods have a reduced temporal 
resolution and provide very limited information on the dynamics of the epileptic events. The 
fMRI technique results in relevant improvements in spatial resolution and, when combined with 
the EEG as in our study, even more significant clarification of the temporal dynamics of the 
epileptic seizures. 
The simultaneous recording of the BOLD effect associated with the neurophysiological events 
of interest is in our view a powerful method to clarify the spatial and temporal characteristics of 
the subcortical participation, a traditional weakness of EEG studies.  
 
5.4. Variable sensitivity to sources in sulcus or gyrus 
That the EEG potentials on the scalp result mainly from the radial electric field produced on the 
more superficial girus surface, has been known for a long time (Lorent de No, 1947). 
Transversal fields produced at the sulci or interhemispheric fissures contribute less to the EEG 
and in contrast are the main contributors for the magnetic fields recorded in MEG (reviewed in 
Hari, 2005). These facts, together with the highly convoluted nature of the human neocortex, 
lead to a variable sensitivity of the scalp EEG to sources along the cortex and in the brain 
fissures. The combined recording of EEG and MEG seems at the present time the best strategy 
to overcome the problem of variable sensitivity in the different orientations of the cortical sheet. 
In our study detailed in section 4.3, the use of high-resolution EEG and a laplacian derivation 
resulted in improvement in spatial resolution for cortical superficial sources, but failed for 
sources near the middle line (3 patients), in which case BOLD activations within the 
interhemispheric fissure could be found, suggesting deep cortical sources “far” from the scalp 
surface. In such cases the spatial filtering properties of the laplacian (Srinivasan, 1999) 
decreased the sensitivity of this montage to the deep sources, and did not produce the 
expected improvement in spatial resolution. This data suggests that the use of the BOLD 
activation to complement the EEG localization in sources localized in deep cerebral fissures 
might be a productive strategy to overcome the previously mentioned limitations of the EEG 
recording alone. 
 
5.5. Volume conductor mixing at scalp electrodes 
A single EEG scalp electrode detects electrical potentials resulting from the summation of 
nearby and far away sources. In the most general case the researcher plans the study of the 
brain neurophysiological responses associated with an event of interest by distributing scalp 
electrodes near the involved brain areas. In this way the potentials of interest are maximized as 
compared with the ones originating in more distant and less meaningful sources. Nevertheless 
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an important superposition of potentials, not correlated with the events of interest, always 
remains and in most cases they are larger in amplitude than the responses of interest. The 
traditional way to improve this problem consists in the averaging of multiple EEG segments, 
time locked to the event of interest, exogenous or endogenous. The last procedure is simple but 
it fails to recover induced but not time-locked activity (Pfurscheller and Lopes da Silva, 2005), 
and also fails to recover the transient synchronization between distant electrodes (Makeig et al, 
2004), which are important and complementary physiological properties of brain networks.  
The techniques of blind source separation based on ICA had in recent years a major impact in 
the field of EEG (Vigário et al, 2000), and promise major contributions to the problem of 
studying in isolation brain generators which are added at surface electrodes by volume 
conductor effect. Our papers on occipital lobe spikes (sections 2.3 and 2.4) as well as on ictal 
EEG analysis (sections 3.2 and 4.2), illustrate the power of such methods for the study of the 
dynamics and localization of several brain networks. If in the first papers the method has been 
successful in separating networks with distinct spatial and temporal dynamics, allowing 
determination of complex patterns of spread of the epileptic activity in the neocortex; in the latte 
papers ictal rhythms were separated in several spatial components with a time of activation 
providing information on the dynamics of seizure origin and spread. 
 
5.6. Dependence on synchronization of a large cortical area 
In order to be detectable on the scalp the microscopic cortical currents that underlie the EEG 
must add up synchronously over an area o several square centimeters (Cooper et al, 1965). 
The experimental determination of the extent of such an area is in general difficult, but it is a 
useful information on the features of the sources of interest.  
The map of the electric potential of features of interest with high-resolution EEG can provide 
useful details about their intracranial generators. This is illustrated by the study in section 2.5, 
where the 64 channel EEG of interictal spikes suggested a focal maximum (Fig. 2.5.1b). Such a 
scalp potential configuration is compatible with the use of a single dipole as an adequate source 
model; using this strategy Yoshinaga et al (2005) found deep dipoles near the calcarine sulcus. 
The high resolution map of figure 2.5.1c demonstrates a more complex configuration of sources 
and sinks of current and suggests that an extended and superficial source more easily fits such 
data. The widespread BOLD activations in nearby superficial cortex it is a further element 
favoring such a source configuration instead of the deep focal one.  
It is therefore our belief that a high resolution map of scalp potentials can help in the appropriate 
selection of constrains for the EEG generators when source analysis methods are planned. The 
BOLD effect associated with the epileptic events is a further element that can help in this 
selection. 
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5.7. Fast spread between distant brain areas 
The construction of a dynamical model of brain activity must take into account the relative time 
of activation of distinct networks, in order to establish patterns of connectivity and mutual 
influence. That the spread of brain activity can be very fast is well illustrated by spike activity in 
occipital lobe epilepsy where, in less than 50 ms, such an abnormal electric activity can spread 
from the occipital to the frontal lobe (section 2.4). Failure to determine the precise temporal 
relationship between the activation of both networks can lead either to the inability to establish 
the direction of the spread or its very existence. 
The main difficulty for the EEG studies in characterization of the fast propagation is to avoid the 
effects of volume conduction which can produce long distance effects that makes the true 
determination of the precise timing of activation of a particular part of the brain difficult. The 
spatial filtering properties of the laplacian represent a major advance in this respect because the 
brain sources in the close neighborhood of the electrodes are selected and their time of 
activation can be clearly determined. The fact that such record is reference free is a further 
advantage for the mapping purposes. 
A surface BOLD activation associated with a focal configuration of sources and sinks of current 
in the laplacian montage gives a particularly powerful support for a local brain generator, as was 
established in section 4.3. Although the number of patients studied up to now is limited, this 
association seems more consistent than the combination of EEG source analysis and BOLD 
activation (section 2.2) and less ambiguous than source analysis alone. 
 
5.8. Future perspectives 
The availability of EEG recording devices with large number of electrodes (256 channels or 
more), together with better electrode technology is an evolving trend that promises to increase 
the spatial sampling of the scalp EEG to its limits, and therefore improve the spatial resolution of 
the mapping. 
The computing power and software for constructing detailed anatomical models of the head is 
also evolving fast, providing a better correction for the detrimental effects of the various 
compartments on the detection of brain currents from the scalp EEG. 
Recent efforts have been devoted to a better estimate of the electrical conductances of the 
different head compartments (Gonçalves et al, 2003), a fundamental information if more 
advanced models of the volume conductivity properties of the head are to be obtained. 
The experimental validation of source analysis models in realistic cases is a necessary step to 
gain confidence in the models, and a way forward in the appropriate selection of constrains to 
study the activity of particular brain networks.   
An important area of work currently under intense investigation is the connection between the 
neuronal activity and the vascular response underlying the BOLD effect. Advances in this area 
promise to lead to a less ambiguous integration of the EEG and fMRI information. 
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The determination of the hemodynamic response function (HRF) for different brain areas 
promises to improve the fMRI models and lead to more robust activations than it is currently the 
case with the use of a single HRF for the all brain.  
The development of methods of analysis of the fMRI data not dependent on the previous 
specification of a model promise to advance our capability to extract useful information on brain 
physiology in cases where the traditional model-driven approach finds limitations. 
The information obtained from simultaneous EEG/fMRI records will have to be validated in order 
to determine the best strategy to integrate both modalities. The surgery for epilepsy it is a 
classical and still useful setting in which such validation can take place. 
The integration of EEG and BOLD with other functional mapping modalities, such as 
Transcranial Magnetic Stimulation, is technically feasible and a potential source of useful 
information. 
Overall the best strategy currently available consists in gaining a clear understanding of both 
the advantages and limitations of each technique of functional brain mapping and to design a 
strategy to combine them in the most appropriate way to the problem at hand. 
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